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2. ABBREVIATIONS
AD activation domain
CMV cytomegalovirus
cRNA complementary RNA
DBD DNA-binding domain
ER endoplasmic reticulum
FITC fluorescein
isothiocyanate
GFP green fluorescent
protein
GST glutathione-S-
transferase
GTP guanosine triphosphate
HFRS hemorrhagic fever
with renal syndrome
HPS hantavirus pulmonary
syndrome
HRP horse-radish
peroxidase
IFN interferon
kb kilobase
kDa kilodalton
MAb monoclonal antibody
NP nucleoprotein
ORF open reading frame
PAb polyclonal antibody
PCR polymerase chain
reaction
PML NB promyelocytic
leukemia nuclear
bodies
RdRp RNA-dependent RNA
polymerase
RNP ribonucleoprotein
SDS sodium
dodecylsulphate
SUMO small ubiquitin-related
modifier
THOV Thogoto virus
TRITC tetramethyl rhodamine
isothiocyanate
Ubc-9 ubiquitin-conjugating
enzyme-9
vRNA viral RNA
VSV vesicular stomatitis
virus
Abbreviations for viruses belonging to the family Bunyaviridae used in the text:
Genus Hantavirus
ANDV Andes virus
BCCV Black Creek Canal
virus
DOBV Dobrava virus
HTNV Hantaan virus
PHV Prospect Hill virus
PUUV Puumala virus
SAAV Saaremaa virus
SEOV Seoul virus
SNV Sin Nombre virus
TOPV Topografov virus
TULV Tula virus
Genus Orthobunyavirus
BUNV Bunyamwera virus
LACV LaCrosse virus
Genus Phlebovirus
RVFV Rift Valley Fever virus
UUKV Uukuniemi virus
Genus Nairovirus
CCHFV Crimean Congo
Hemorrhagic Fever
virus
Genus Tospovirus
TSWV Tomato Spotted Wilt
virus
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3. SUMMARY
Hantaviruses (genus Hantavirus, family Bunyaviridae) are enveloped, negative-
sense RNA viruses. Hantaviruses are carried by rodents, and can be transmitted via
aerosolized excreta to humans, causing hemorrhagic fever with renal syndrome or
hantavirus pulmonary syndrome. Hantavirus genome consists of small (S), medium (M)
and large (L) segments encoding respectively the nucleocapsid (N) protein, two surface
glycoproteins (G1 and G2), and the viral polymerase (L). The N protein (approximately 50
kDa) is the most abundant viral component in both virions and infected cells. The three-
dimensional structure has not been solved yet. The N protein is a peripheral membrane
protein and it is produced in the cytoplasm of virus-infected cell where it binds to RNA
and forms ribonucleoproteins. The virus budding takes place at the Golgi complex or at the
plasma membrane.
This study focused on the N protein and its capacity to interact with itself and with
cellular proteins. First, we observed that the N protein molecules interact in the yeast and
mammalian two-hybrid assays. It was noticed that both the recombinant N protein
expressed in the baculovirus system and the native N protein from purified virus are
capable of forming dimers, trimers and multimers confirming the capability of the N
protein molecules to interact with each other. Further experiments indicated that
multimerization was dependent on non-covalent interactions between N protein molecules,
and an increase in the concentration of divalent cations enhanced the interaction.
The second aim was to locate the homotypic interaction region(s) in the N protein.
Using truncated N proteins as a tool, two interaction regions were identified; one was
located near the N-terminus, between amino acids 1 and 43, and another within the last
125 amino acids. Our studies focused on the C-terminal interaction region since the C-
terminal region was crucial for the interaction, unlike the N-terminal region. We identified
the minimal region in the C-terminal region that was responsible for the interaction,
namely amino acids 393 to 398 (VNHFHL).
Our third aim was to construct a model for the N protein oligomerization.
Secondary structure predictions showed that the C-terminal region forms a helix-loop-helix
structure. Computer modelling suggested that the N protein oligomerization occurs by
_____________________________________________________________
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helix protrusions from one monomer to another and shared hydrophobic space formed by
helices stabilizes the interaction. The hydrophobic residues in the helices were absolutely
crucial for the interaction. The interaction was also prerequisite for the N protein
perinuclear localization in the cytoplasm. These data together with the visualization of N
protein trimer after image reconstruction allowed us to suggest a model for the N protein
oligomerization. The model shows that the N protein oligomerization is initiated by
trimerization via coiled-coil motifs in the N-terminus and continued via helix protrusions
in the C-terminus.
The fourth aim was to search for cellular proteins interacting with the N protein. We
found small ubiquitin-related modifier-1 (SUMO-1) interacting with the N protein in the
close vicinity to nuclear membrane. Two amino acid stretches that included positively
charged amino acids in SUMO-1 were found responsible for the interaction with the N
protein. The SUMO-1 interaction may be needed for the N protein localization to the Golgi
region.
Like nucleoproteins of many negative-strand RNA viruses, hantavirus N protein is a
multifunctional protein participating in various interactions during virus replication. Now
that we can better understand the functional domains of the N protein, it provides us a
good model to study different aspects of structure-function relationships in other
bunyaviruses.
Review of the literature
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4. REVIEW OF THE LITERATURE
4.1. HANTAVIRUSES
4.1.1. Introduction
Hantaviruses (genus Hantavirus), together with four other genera, Orthobunyavirus,
Phlebovirus, Nairovirus and Tospovirus, comprise the Bunyaviridae family (Elliott et al.,
2000). (Note: In this text, the term “bunyavirus” is used when referring to all genera in the
Bunyaviridae family). Over 300 viruses belong to this family but only a few species are
pathogenic to humans. These bunyaviruses are transmitted to humans from infected
animals by inhalation of aerosolized excreta. Most bunyaviruses are arboviruses
(arthropod-borne viruses) transmitted by arthropods, such as mosquitoes, biting flies and
ticks. Hantaviruses are carried by different rodent species; principally each virus genotype
has a specific rodent host (Plyusnin and Morzunov, 2001). Hantavirus infection in a rodent
host is asymptomatic and persistent. Hantaviruses are the most widely distributed zoonotic
viruses of wild animals on earth (Johnson, 2001). They are regarded as emerging
pathogens since new viruses are discovered all the time; so far at least 22 hantavirus
species have been identified.
Hantavirus research has a long tradition in Finland. The first hantavirus in Europe
was isolated at the end of 1970s from lungs of infected bank vole (Clethrionomys
glareolus) (Brummer-Korvenkontio et al., 1980). The virus was named Puumala virus
(PUUV) after the village where the infected bank vole was captured. The first hantavirus,
Hantaan virus (HTNV) had been isolated already in 1976 from an infected striped field
mouse (Apodemus agrarius) and hemorrhagic fever with renal syndrome (HFRS) patients
in Korea (Lee et al., 1978). After these initial isolations, a multitude of new hantaviruses
have been found in the Americas, Asia and Europe (Elliott et al., 2000).
Hantaviruses can cause two clinically different diseases: hemorrhagic fever with
renal syndrome (HFRS) in Eurasia and hantavirus pulmonary syndrome (HPS) in the
Americas; many hantaviruses are not pathogenic to humans. A disease similar to HFRS
has been described in the Chinese medical records already A.D. 960 (Lee, 1982). The
disease has been known e.g., in Far Eastern Siberia in 1913 and among Japanese troops in
Review of the literature
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Manchuria in 1934 (Lee, 1982; Casals et al., 1970). Now it is understood that the severity
of clinical symptoms varies depending on the hantavirus species which an individual has
been infected with. In 1951, during the Korean War, a severe disease named Korean
hemorrhagic fever (KHF) was described; it has later been associated with the HTNV
infection (Earlie, 1954). Seoul virus (SEOV) circulating mainly in Far East Asia is
associated with moderate HFRS (Lee et al., 1982).
Three hantaviruses, PUUV, Dobrava virus (DOBV) and Saaremaa virus (SAAV)
cause human infections in Europe (Vapalahti et al., 2003). PUUV is the most common
cause of HFRS and infections have been reported in many European countries (Plyusnin et
al., 2001). The mild form of HFRS caused by PUUV is called nephropathia epidemica
(NE). It is mostly registered in Northern Europe. DOBV isolated from the yellow-necked
mouse (Apodemus flavicollis) causes severe HFRS mainly in the Balkans (Avsic-Zupanc et
al., 1992). The newly discovered SAAV isolated from the striped field mouse (Apodemus
agrarius) (Plyusnin et al., 1997; Nemirov et al., 1999) has been suggested to cause mild
form of HFRS in Central and Eastern Europe. Tula virus (TULV) isolated from the
European common vole (Microtus arvalis) circulates in central and eastern Europe
(Plyusnin et al., 1994). TULV has been regarded as non-pathogenic but some data suggest
that it can occasionally cause human infections (Schultze et al., 2002; Vapalahti et al.,
1996b). Topografov virus (TOPV) isolated from lemmings (Lemmus lemmus) (Vapalahti
et al., 1999) in northern Siberia has not been detected in Europe but TOPV has been
suspected as a causative agent of HFRS among Finnish and German soldiers during the
World War II in Finnish Lapland. It has been estimated that 150 000 cases of HFRS occur
annually in the world and the mortality associated with HFRS is 0-15%. HFRS is an
influenza-like illness with fever, headache, muscular and abdominal pain but also renal
failure and, in severe cases, hemorrhages (Kanerva et al., 1998).
HPS is a much newer discovery since the first documented outbreak occurred in
New Mexico, USA in 1993. By that time the only hantavirus known in North America was
the apathogenic Prospect Hill virus (PHV) found in meadow vole (Microtus
pennsylvanicus) (Lee et al., 1985; Lee et al., 1982). The causative agent of HPS, Sin
Nombre virus (SNV), was isolated from the deer mouse (Peromyscus maniculatus) (Nichol
et al., 1993). Since then new HPS-causing viruses have been found (Elliott et al., 2000)
and nowadays the disease occurs mostly west of the Mississippi River. Later in the 1990s,
hantaviruses have been found also in South America and, remarkably, Andes virus
(ANDV) is to date the only hantavirus with documented person-to-person transmission
Review of the literature
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(Padula et al., 1998). However, it has to be mentioned that HPS is a rare disease compared
to HFRS, since only less than 2000 HPS cases have been diagnosed. HPS is a more severe
disease than HFRS, associated with 30-40% mortality. The symptoms include high fever
and acute respiratory distress.
4.1.2. Genome structure
Molecular characterization of HTNV led to the establishing of a new Hantavirus
genus in the Bunyaviridae family. Hantaviruses are known to contain a tripartite, negative-
stranded RNA genome that is unique for all members of the family. The major differences
from the other family members are that hantaviruses are not arthropod-borne viruses and
that each of the three genome segments has a unique, conserved and complementary
terminal nucleotide sequence (14-17 nucleotides long) (Schmaljohn et al., 1985). These
complementary sequences may base-pair and allow the RNA segment to form a closed
circular structure called “panhandle” (Plyusnin et al., 1996). “Panhandle” structures have
been also shown for vRNA and cRNA of LaCrosse virus (LACV) (genus
Orthobunyavirus) (Raju and Kolakofsky, 1989). The ribonucleoproteins (RNPs) of tomato
spotted wilt virus (TSWV) (genus Tospovirus) have been studied by atomic force
microscopy in which ring-like structures of three different lengths were visualized
resembling circular and panhandle structure of encapsidated genomic RNAs (Kellmann et
al., 2001). The terminal sequences of RNA segments have several functions; in
hantaviruses, they are important for recognition by the L protein and encapsidation by the
N protein (Severson et al., 1999; Flick et al., 2003). In Bunyamwera virus (BUNV), these
regions were involved in the regulation of RNA transcription and replication (Dunn et al.,
1995; Barr and Wertz, 2004). For Uukuniemi virus (UUKV) (genus Phlebovirus), the
promoter region comprising 10 terminal nucleotides of the 5’ and 3’ ends of the vRNA
were identified crucial for the L protein recognition and regulation of RNA transcription
and replication (Flick et al., 2002).
Hantaviruses have three genome segments varying in length; (L)arge (approx. 6.5
kb), (M)edium (3.6-3.7 kb) and (S)mall (1.7-2.0 kb). They code for the RNA-dependent
RNA polymerase (L protein), envelope glycoproteins (G1 and G2) and nucleocapsid (N)
protein, respectively (Figure 4.1.2.1). Each of the genome segments include the 5’ and 3’
non-coding regions (NCRs) varying in length from approx. 40 to approx. 700 nucleotides
(Plyusnin, 2002). Bunyaviruses belonging to Orthobunyavirus, Phlebovirus and
Review of the literature
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Tospovirus genera encode non-structural proteins either from the M segment (NSm) or the
S segment (NSs) (Elliott et al., 2000). Also, most hantaviruses have an internal +1 open
reading frame (ORF) in the S segment overlapping with the N gene (Plyusnin, 2002).
Figure 4.1.2.1. Schematic representation of the hantavirus expression strategy. Hantavirus
genome consists of three RNA segments; S (encoding for the N protein), M (G1 and G2
proteins) and L (the L protein).
Review of the literature
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4.1.3. Proteins
The hantavirus genome codes for four structural proteins that are present both in
virus particles and in infected cells: L, G1, G2 and N. The virus particle is spherical or oval
in shape and diameter ranging from 80 to 120 nm (Elliott et al., 2000). The virus has an
envelope formed by the glycoproteins, G1 and G2 heterodimers, and membrane lipids
derived from the host cell. Within the envelope, the N proteins and three RNA segments
form separate, filamentous, 2.5 nm wide RNPs which the L protein is associated with
(Figure 4.1.3.1).
Figure 4.1.3.1. Schematic structure of hantavirus. (By courtesy of Dr. Sami Kukkonen).
Review of the literature
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The N protein of hantaviruses contains 429-433 amino acid residues and has a
molecular weight of approx. 50 kDa. The N protein is expressed in excess and forms
inclusion bodies and filamentous structures in infected cells. The 3-D structure of the N
protein has not been solved yet but it is thought to be globular in shape. The N protein has
not been found to be modified posttranslationally. Several diagnostic tests are based on the
use of N protein. It has been shown to contain several B- and T-cell epitopes; B-cell
epitopes are localized mainly in the N-terminal part of the molecule (Vapalahti et al., 1995;
Lundkvist et al., 1996a; Gott et al., 1997) while T-cell epitopes are more randomly
distributed along the molecule (Ennis et al., 1997; Van Epps et al., 2002). The bunyaviral
N protein is the largest in hantaviruses and in nairoviruses (48-50 kDa); in other genera the
N protein is much smaller (26-29 kDa) (Elliott et al., 2000). The functional implications of
the observed size difference are not known. The N protein has many functions including,
e.g., multimerization that is crucial for RNA packaging and virus assembly. These multiple
functions of the N protein are discussed in the following chapters.
NS proteins (NSm and NSs) have been documented in Orthobunyavirus,
Phlebovirus and Tospovirus genera (Elliott et al., 2000). The function of NSm is not
understood but the NSs of BUNV (genus Orthobunyavirus) is important for suppression of
host cell protein translation (Bridgen et al., 2001; Colon-Ramos et al., 2003) and viral
RNA synthesis (Weber et al., 2001). The NSs proteins of BUNV and Rift Valley Fever
Virus (RVFV) (genus Phlebovirus) have been shown to act as antagonists of interferon
(IFN) induction (Bridgen et al., 2001; Bouloy et al., 2001; Weber et al., 2002).
Furthermore, NS proteins of the viruses belonging to California serogroup of the
Orthobunyavirus genus show sequence and functional similarity to Reaper protein from
Drosophila. Both proteins was demonstrated to suppress protein translation and induce
apoptosis (Colon-Ramos et al., 2003). It has been hypothesized that apoptosis of infected
cells could promote spreading of viral particles. The NSs protein has not been described in
hantavirus-infected cells. However, indirect evidence that NSs ORF is functional has been
obtained by showing that PUUV and TULV NSs proteins prevented IFNβ encoding gene
transcription when cells were induced with dsRNA (Tulimäki et al., manuscript in
preparation; Elliott, R., personal communication).
The glycoproteins G1 (approx. 68 kDa) and G2 (approx. 54 kDa) are type I integral
membrane proteins: their N-terminal domains are located in the ER or Golgi lumen while
the C-terminal domains are in the cytoplasm (Spiropoulou, 2001). The cytoplasmic tail of
the G1 protein is rather long (approx. 150 amino acids). The glycoproteins are synthetized
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on the endoplasmic reticulum (ER) membrane as a single glycoprotein precursor that is
cotranslationally cleaved. There are three potential glycosylation sites in the G1 protein
and one site in the G2 protein that are probably N-glycosylated with high mannose-linked
oligosaccharides (Spiropoulou et al., 1994). G1/G2 heterodimers are transported to the
Golgi complex, the site of hantavirus budding, where they accumulate due to the signal
located in the cytoplasmic tail of the G1 protein (Andersson et al., 1997).
Hantavirus L protein is the putative RNA-dependent RNA polymerase (RdRp)
participating in both transcription and replication. To execute these activities it must have
several enzymatic functions such as endonuclease, transcriptase, replicase and, possibly,
RNA helicase activity (Jonsson and Schmaljohn, 2001). It has a molecular mass of approx.
250 kDa and associates with membranes (Kukkonen et al., 2004). Although the 3-D
structure of the L protein has not been solved yet, conserved motifs that are common to
other RdRps of negative-strand RNA viruses can be recognized (Kukkonen et al., 1998;
Nemirov et al., 2003).
4.1.4. Replication cycle
Virus attachment and entry into cells are the first steps in replication cycle.
Hantaviruses infect endothelial cells and monocyte/macrophages in culture (Pensiero et al.,
1992; Temonen et al., 1993). Recently, also dendritic cells were shown to be susceptible to
hantavirus infection (Raftery et al., 2002). For cellular entry, integrins have been found to
act as receptors for hantaviruses (Gavrilovskaya et al., 1999; Gavrilovskaya et al., 1998).
Pathogenic viruses causing HFRS and HPS use β3-integrins and apathogenic viruses use
β1-integrins (Gavrilovskaya et al., 2002). Since β3-integrins are known to regulate
vascular permeability and platelet activation, hantavirus interactions with β3-integrins may
contribute to viral pathogenesis (Mackow and Gavrilovskaya, 2001). Recently, a 30-kDa
protein has been suggested as a receptor for HTNV (Kim et al., 2002). No further
characterization of the 30-kDa protein is available so far.
After attachment, hantaviruses are taken up by the receptor-mediated endocytosis
using clathrin-coated vesicles that are targeted to early endosomes (Jin et al., 2002). The
exact site of uncoating is not known but it is believed that acidic environment in
endosomes induces fusion of virus membrane with the endosome membrane leading to the
viral RNP release into cytoplasm. Shortly after the RNP release primary transcription, i.e.,
synthesis of mRNA begins (Figure. 4.1.4.1). Since the genomic RNA is bound by the N
Review of the literature
_________________________________________________________________________
16
protein, it is not known how the L protein accesses the RNA. The L protein cleaves a
“primer” for viral mRNA synthesis (7-18 nucleotides) from 5’ end of cellular mRNAs
present in the cytoplasm. Transcription continues according to “prime-and-realign”
mechanism (Garcin et al., 1995). Each “primer” has the G nucleotide at the 3’ end that
base-pairs with the C nucleotide at position 3 of RNA template. The L protein is activated
and after short initial synthesis the newly synthetized RNA shifts three nucleotides
backward and realigns with the template. This mechanism ensures that the exact copy of
the 5’ end of the vRNA is created. It has been observed that the transcribed mRNAs are
shorter than cRNAs or vRNAs, but the mechanism of termination of mRNA synthesis is
not known. Immediately after mRNAs appear, the translation of viral proteins starts. Upon
an unknown mechanism, (may be by accumulation of a threshold level of viral proteins in
the cytoplasm), viral genome replication begins. In the first step, an exact complementary
copy of vRNA, i.e., antigenomic cRNA, is created. In the second step, cRNA is used as a
template for the synthesis of new vRNA (Figure 4.1.4.1). The accumulation of vRNA
activates secondary transcription that further increases mRNA production and virus protein
synthesis (Jonsson and Schmaljohn, 2001).
Figure 4.1.4.1. Hantavirus replication and transcription pathways. Gray bars indicate
complementary sequences at the ends of the RNA segments.
Review of the literature
_________________________________________________________________________
17
The cytoplasm has been shown to be the cellular site for LACV (genus
Orthobunyavirus) RNA synthesis (Rossier et al., 1986). The exact location for hantavirus
RNA synthesis is not known. Recent data suggest that hantavirus RNA synthesis could
occur within cytoplasmic membrane structures since the L protein and the N protein were
found to be membrane-associated and were localized to the perinuclear region in the
cytoplasm (Kukkonen et al., 2004; Ravkov and Compans, 2001). Hantavirus RNA
replication could occur on cytoplasmic surfaces of cellular membranes (like in
alphaviruses) or on surfaces of small vesicles (like in poliovirus). The N proteins have
been observed to form granular inclusion bodies in cultured cells supporting the view that
inclusion bodies (like in reoviruses) could be the site of RNA replication. On the other
hand, N proteins form filamentous structures in infected cells. Specifically, the N protein
of Black Creek Canal virus (BCCV) has been shown to interact with actin, and actin
depolymerization reduced virus production in cell culture (Ravkov et al., 1998) referring to
the possibility that cytoskeletal filaments might be involved in replication. In virus
replication, membrane-associated, inclusion body-associated or actin filament-associated
viral replication complexes ensure high local concentrations of replication components and
increase the rate of replication (Flint et al., 2000).
Encapsidation of cRNA and vRNA into RNPs happens in a concerted fashion, i.e.,
when RNA is synthesized, it is immediately encapsidated by the N protein. Encapsidation
is possible soon after the infection since the newly synthesized N protein appears already 2
hours post-infection in the cytoplasm of cultured Vero E6 cells (Kariwa et al., 2003). The
fact that cRNA and vRNA molecules are complexed with the N protein creates a challenge
for the virus replication machinery since the N protein has to unload from viral RNA when
the L protein synthesizes the new strand.
It is known that the N protein, as well as the G1 and G2 proteins, are needed for
virion assembly (Betenbaugh et al., 1995), but how these proteins interact is not known.
Initially, G1 and G2 proteins are cotranslationally cleaved on the ER membrane,
glycosylated and transported to the Golgi complex. G1/G2 dimers are localized to the
Golgi 8 hours post-infection in cultured Vero E6 cells (Kariwa et al., 2003). Three
different, encapsidated RNA segments  (S, M and L) are incorporated into virus particles.
Synthesized virus particles are transported in vesicles from the Golgi to the plasma
membrane where they are released. First hantavirus particles are released 24 hours post-
infection (Kariwa et al., 2003). BUNV (genus Orthobunyavirus) has been shown to build a
special “viral factory” in the perinuclear area. The virus seems to adopt different
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polymorphic structures and alter the Golgi structure. The functional trans-Golgi seemed to
be necessary for the maturation (Salanueva et al., 2003). It may be that some hantaviruses,
e.g., BCCV and SNV, mature at the cell surface (Goldsmith et al., 1995; Ravkov et al.,
1997). Although current data are limited only to a couple of hantavirus species, the
appearance of G1 and G2 proteins at the plasma membrane suggest that cell surface
maturation is possible for some hantaviruses (Spiropoulou et al., 2003).
4.2. ACTIVITIES OF HANTAVIRUS N PROTEIN
4.2.1. Oligomerization
One of the primary activities of the viral nucleoproteins (NPs) is to protect the RNA
genome. The RNP formation of negative-strand RNA viruses depends on the NP
interactions with both the viral RNA and other NP molecules previously bound to the RNA
(Flint et al., 2000). One characteristic feature of the NPs of negative-strand RNA viruses is
that they self-assemble into helical nucleocapsid-like particles in the absence of viral RNA
and of any other viral proteins (Kolesnikova et al., 2000; Iseni et al., 1998; Fooks et al.,
1993; Spehner et al., 1991). The assembly of helical nucleocapsids of negative-strand
RNA viruses usually occurs without defined intermediate structures opposite e.g., to
poliovirus in which the capsid assembly occurs stepwise with discrete intermediates. Viral
NPs can assemble via covalent or non-covalent interactions. Some NPs form
intermolecular covalent disulfide bonds during virus assembly, like the NP of porcine
reproductive and respiratory syndrome virus (family Arteriviridae) (Wootton and Yoo,
2003). However, many NPs interact non-covalently via hydrogen bonding of amino acid
side chains.
At the beginning of this study oligomerization properties of the N proteins of
hantaviruses and other bunyaviruses were largely unknown. It was thought that the N
protein should oligomerize, either before assembling on the viral RNA or after RNA
binding. It was then demonstrated for the HTNV N protein that when expressed in a
baculovirus system, the N protein assembled into RNP-like structures in infected insect
cells resembling authentic RNPs purified from HTNV (Betenbaugh et al., 1995). Further
evidence for the N-N interaction came from purification experiments showing that the
recombinant N protein formed easily aggregates in the absence of denaturants (Severson et
al., 1999; Vapalahti et al., 1996a), and the N protein was visualized in “inclusion body
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–like” structures in the cytoplasm of infected cell. For other negative-strand RNA viruses,
the homotypic NP-NP interactions have been demonstrated and functional domains for the
interaction have been mapped. The results obtained by NP oligomerization studies of
influenza A virus (family Orthomyxoviridae), and viruses belonging to Paramyxoviridae
and Rhabdoviridae families could help to understand the oligomerization of hantavirus N
proteins as well.
The NPs of non-segmented, negative-strand RNA viruses (order Mononegavirales)
seem to have a similar structural arrangement; a N-terminal globular body and an exposed
C-terminal part. In the Paramyxoviridae and Rhabdoviridae families, the N-terminal part
of viral NPs is responsible for the self-assembly and RNA binding while the C-terminal
part interacts with other viral proteins like the polymerase, the P protein or the M protein
(Bankamp et al., 1996; Myers et al., 1997; Kouznetzoff et al., 1998; Nishio et al., 1999).
The NPs contain at least two regions involved in the N-N interactions; the first region is
located within the first 255 amino acid residues (189-239 in measles virus NP), and the
second region is mainly hydrophobic, central conserved region (amino acids 258-357 in
measles virus NP) (Myers et al., 1997; Liston et al., 1997; Karlin et al., 2002). Although
regions involved in the NP-NP interactions are well characterized, the pathway for RNP
assembly in vivo is not well understood.
The influenza A virus NP is the most extensively studied nucleocapsid protein
among the segmented, negative-strand RNA viruses. The purified NP has been shown to
form RNP-like structures by electron microscopy (Ruigrok and Baudin, 1995). Influenza
virus NPs interacted with each other via two independent regions, localized in the middle
(amino acids 189-358) and the C-terminal (amino acids 371-498) parts of the polypeptide
(Elton et al., 1999a). The influenza virus NP shows different structural organization of
interaction regions than NPs of Paramyxoviridae and Rhabdoviridae. Point mutagenesis of
interaction regions revealed that two arginines (R199 and R416) conserved between the
NPs of influenza subtypes are necessary for the self-assembly (Elton et al., 1999a). In
addition, the mutants that were unable to interact showed decreased transcriptional activity
in vivo indicating that the NP - NP interaction supports influenza virus gene expression.
The influenza virus NP has been visualized in in vivo reconstituted single-size mini-RNPs
(Ortega et al., 2000). The data suggested that the NP molecules are incorporated as dimers
into progeny RNPs since the RNPs with the highest replication efficiency contained an
even number of the NP monomers.
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4.2.2. Interactions with viral RNA
The NP-RNA interaction is a necessary step in RNA encapsidation. During
encapsidation, viral RNA molecules must be distinguished from cellular RNA molecules.
Discrimination is based on the existence of specific sequences or structures delivering an
encapsidation signal (Flint et al., 2000). In the hantavirus replication cycle, the N protein
encounters three different types of viral RNAs; vRNA, cRNA and mRNA. The N protein
encapsidates vRNA and cRNA but mRNA remains naked. Terminal, non-coding regions
of the HTNV vRNA molecule have been shown to possess a unique encapsidation signal
(Severson et al., 1999). The N protein starts the encapsidation process at a specific region
in the vRNA molecule. Nucleotides 1 to 39 at the 5’ end of the vRNA form a stem-loop
structure with a large single-stranded loop. In the proposed model, the encapsidation starts
when the N protein binds specifically to the loop; this is followed by the subsequent N–N
interaction that encapsidates the remaining part of vRNA in a non-specific fashion
(Severson et al., 2001). Like in hantaviruses, secondary structures located near 5’ terminus
have been suggested for BUNV (Orthobunyavirus) vRNA encapsidation (Osborne and
Elliott, 2000). In contrast to bunyaviruses, influenza virus NP shows little or no sequence
specificity upon RNA binding (Baudin et al., 1994).
The RNA binding domain of the HTNV N protein has been located in the middle
part of the protein that includes amino acids 175 to 217 (Xu et al., 2002). The identified
region shows 58% identity and 86% similarity to N proteins in other hantaviruses (HTNV,
PUUV, PHV, SNV, TOPV and Isla Vista virus) suggesting that the corresponding region
in these N proteins is involved in the RNA binding. In addition, the C-terminal region has
been shown to bind RNA suggesting that another region may contribute to the RNA
binding (Gott et al., 1993). Similarly, several regions were found to be involved in the
RNA binding of the NP of influenza A virus. First, the RNA-binding region was mapped
to the N-terminal one-third (amino acids 1-180) (Albo et al., 1995; Kobayashi et al., 1994).
Later, the high-affinity NP-RNA interaction was shown to require the involvement of five
tryptophan, one phenylalanine and two arginine residues that were distributed throughout
the protein indicating concerted interaction of multiple regions of the protein (Elton et al.,
1999b). It was further proposed that NP-RNA interactions are mediated by planar
interactions between side chains of hydrophobic residues and bases and by electrostatic
interactions between the basic residues and the RNA backbone (Elton et al., 1999b). The
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amino acid residues involved in electrostatic interactions are usually arginine, asparagine
and glutamine residues (Shimoni and Glusker, 1995).
All single-strand RNA molecules form secondary structures. RNA secondary
structure modeling for hantavirus S segment RNA has suggested extensive base-pairing
and formation of one major backbone structure with several stem-loop structures (Jonsson
and Schmaljohn, 2001). Since hantavirus RNPs have been observed as long helical
filaments in electron microscopy images (Goldsmith et al., 1995; Betenbaugh et al., 1995),
it is likely that the N proteins associating to a newly synthesized RNA molecule prevent
the formation of secondary structures and vRNA is single-stranded when encapsidated. In
the case of the influenza virus vRNA encapsidation, the NP binding to RNA removes
secondary structures and keeps the RNA single-stranded (Baudin et al., 1994). The binding
of the polymerase complex to the vRNA termini gives the RNP molecule a closed circular
conformation (Klumpp et al., 1997). However, the general structure of influenza virus
RNP is not circular but linear (Heggeness et al., 1982). The structure is dependent on the
length of vRNA; the RNPs with the RNA longer than 400 nucleotides were linear due to
supercoiling of the RNP molecule, i.e. helical strands wound back on themselves (Ortega
et al., 2000; Klumpp et al., 1997). Circular or elliptic structures were seen only when the
length of the RNA was not sufficient (<400 nucletides) to allow supercoiling (Ortega et al.,
2000; Martin-Benito et al., 2001).
The mechanism of the hantavirus N protein binding to RNA is still unclear. Earlier
data showed that vRNA was susceptible for RNase treatment suggesting that the N protein
does not completely protect the viral genome (Schmaljohn and Dalrymple, 1983). Studies
with the RNPs of influenza A virus have demonstrated that vRNA is wound around the
NP; the RNA sugar-phosphate backbone is protected by the NP, and RNA nucleotide bases
are exposed on the outside of the complex (Baudin et al., 1994; Klumpp et al., 1997). In
addition to influenza virus, a similar organization has been observed for the RNP of
vesicular stomatitis virus (VSV) (family Rhabdoviridae) (Iseni et al., 2000). In this way,
the bases are available for polymerase and transcription can take place directly after cell
entry. Whether this mode of RNA binding in which RNA is wrapped around the N protein
is a general feature of the bunyavirus RNPs remains to be seen.
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4.2.3. Interactions with the L protein
Negative-strand RNA viruses have their own RNA-dependent RNA polymerase.
The hantavirus L protein is thought to be associated with the RNPs so that it is ready to
initiate viral RNA synthesis immediately after the virus entry to a host cell (Schmaljohn
and Dalrymple, 1983). Reverse genetics technology, in which minigenome templates are
replicated, have been established for several bunyaviruses (Dunn et al., 1995; Bridgen and
Elliott, 1996; Flick and Pettersson, 2001; Flick. K et al., 2003; Flick, R et al., 2003;
Blakqori et al., 2003). The obtained data have indicated that functional N and L proteins
are the only proteins needed for the vRNA replication. Furthermore, both proteins were, at
least partially, colocalized in the Golgi region (Kukkonen et al., 2004). These data
suggested that the N and the L proteins could interact with each other. Recently obtained
data demonstrated the direct interaction between BUNV N and L proteins (Leonard et al.,
2003). It was also observed that the interaction is enhanced by inhibition of the
proteasome. The significance of this latter observation is not clear, but activated
proteolytic degradation of viral proteins could be part of host defense mechanism.
The NP-polymerase interaction has been described in the influenza virus (Biswas et
al., 1998). The influenza virus NP was shown to interact with PB1 and PB2 components of
the polymerase protein complex. It was demonstrated that multiple regions of the NP
interacted independently with PB2 component suggesting that NP-PB2 interaction regions
could overlap with the NP-RNA (amino acids 1-180) (Albo et al., 1995; Kobayashi et al.,
1994) and NP-NP interaction regions (amino acids 189-358 and 371-498) (Elton et al.,
1999a). Further studies are needed to map functional domains in more detail helping to
understand the interplay between viral proteins during RNA replication and/or virus
assembly (Biswas et al., 1998).
4.2.4. Interactions with G1 and G2 proteins
Hantavirus envelope glycoproteins G1 and G2 form a heterodimer, when they are
synthesized on the ER membrane. When both are coexpressed from cDNA or in virus-
infected cells, they localize to the Golgi membrane (Spiropoulou et al., 2003; Ruusala et
al., 1992). Identification of the G1 and G2 protein retention signal has been important for
clarifying the mechanism and the location for virus budding. The cytoplasmic tail of the
G1 protein and the complete signal sequence of the G2 protein of HTNV have been
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suggested to play an important role in the Golgi localization (Shi and Elliott, 2002).
Similarly, the G1 cytoplasmic tail of UUKV has been shown to contain a Golgi retention
signal that leads G1 and G2 protein accumulation to the Golgi membrane (Andersson et
al., 1997; Andersson and Pettersson, 1998).
The cytoplasmic tail of the G1 protein is located on the cytoplasmic side of the
Golgi membrane and it probably determines the cargo (i.e., RNPs) that is included in the
virus particle. The N protein interaction with G1 or G2 proteins has been thought to be an
important step in the virus assembly process but direct evidence for the interaction has
been missing. Recently, PUUV N protein was shown to interact with the cytoplasmic tail
of the G1 protein (Koistinen, personal communication). The interaction was dependent on
the tyrosine residue in the YRTL motif. The YRTL motif is highly conserved among G1
proteins and could act as an assembly signal in all hantaviruses. Whether the N protein
interacts with the cytoplasmic tail of G2 protein is not known but it is unlikely because the
G2 protein tail is much shorter (less than 9 amino acids) than the G1 protein tail (approx.
150 amino acids) (Spiropoulou, 2001). Thus, the N protein would have an important task
by directing RNPs to the site of virus budding.
The YRTL motif resembles tyrosine-based sorting signal YXXΨ  (Ψ is a
hydrophobic amino acid with a bulky side chain, and X is any amino acid) that is a
universal internalization and trafficking signal for integral membrane proteins (Ohno et al.,
1995). The YXXΨ motif recruits heterotetrameric adaptor complexes AP-1 or AP-2 to the
cytoplasmic side of the membrane (Boehm and Bonifacino, 2001). Adaptor complexes link
integral membrane proteins to the clathrin coat that leads to the formation of transport
vesicles that distribute membrane cargo to the target membranes. The YXXΨ sequence of
viral membrane proteins, e.g., p9 protein of equine infectious anemia virus (family
Retroviridae), has been shown to interact with the µ chain of the AP-2 complex (Puffer et
al., 1998). Also, PUUV G1 protein tail has been shown to bind the same molecule (our
unpublished observations). The involvement of AP-2 complex indicates that the
endocytotic machinery is needed for the virus assembly and release. Further studies are
needed to elucidate the mechanism how AP-2 contributes to the virus budding.
In addition to other possible functions, YXXL sequences are an essential part of
immunoreceptor tyrosine-based activation motif (ITAM). ITAM contains two successive
YXXL/I sequences that direct intracellular signaling of B-cell and T-cell receptors (Isakov,
1998). ITAMs have been found in the G1 cytoplasmic tails of HPS-causing hantaviruses
but not in HFRS-causing or non-pathogenic hantaviruses. Since ITAM is able to recruit
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Src and Syk family tyrosine kinases to the G1 tail, ITAM may have a role in regulating
HPS pathogenesis (Geimonen et al., 2003a). Further studies have shown that both tyrosine
residues in YXXL motifs were ubiquitinated suggesting degradation of the G1 protein via
the 26S proteasome (Geimonen et al., 2003b). This way a host could regulate viral
clearance, or a virus could establish persistence during infection.
4.3. THE N PROTEIN IN THE HANTAVIRUS LIFE CYCLE
4.3.1. Viral RNA and protein synthesis
In hantaviruses, as in other negative-strand RNA viruses, the RNP is the functional
template for transcription and replication. In the hantavirus RNP, the N protein associates
tightly with the viral RNA, probably together with the L protein. In hantavirus-infected
cells both vRNAs and cRNAs are encapsidated by the N protein. Using plasmid-based
minireplicon system for HTNV (Hantavirus) (Flick et al., 2003), UUKV (Phlebovirus)
(Flick and Pettersson, 2001) and BUNV (Orthobunyavirus) (Dunn et al., 1995), it has been
shown that both the N and the L proteins are needed for the genome transcription and
replication. This approach provides tools to study sequence requirements of the N and L
proteins and the RNA for transcription and replication. All the enzymatic activities
required for transcription and replication are believed to reside within the L protein.
Specific activities of the N protein during RNA synthesis are unknown. It has been
suggested that the N protein could play a role in the transcription termination or regulate
the switch from transcription to replication (Jonsson and Schmaljohn, 2001). After primary
transcription/translation, the replication begins and vRNAs are amplified. It is understood
that continuous, unregulated transcription and translation cycle would lead to exponential
increase in vRNA and protein synthesis. Therefore, the balance between translation and
replication has to be maintained but the mechanism is poorly known in bunyaviruses. For
LACV, it was noticed that the N protein synthesis was inhibited by binding of the N
protein to its own mRNA (Hacker et al., 1989). As ribosomes cannot translate
encapsidated mRNA, this led to translation inhibition of viral proteins. The encapsidation
of lower affinity viral mRNA can be triggered by the lack of newly synthesized vRNA and
cRNA. This phenomenon has been noticed for LACV in mosquito cells but not in other
cell types. It has been speculated that this mechanism is used by the virus to direct the
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infection from acute to persistent phase (Hacker et al., 1989). Since the mRNA
encapsidation seemed to be cell-type specific in the case of LACV and encapsidated viral
mRNAs have not been detected in hantavirus -infected cells, it is not necessarily a
universal way to regulate translation.
The N protein may also have a role in determining the location of hantavirus RNA
synthesis. The data obtained with BCCV, SNV, PUUV and SEOV show that the N protein
is a peripheral membrane protein, i.e., it associates with membranes via electrostatic
interactions (Ravkov and Compans, 2001). The membrane-targeting region was located
within 141 C-terminal amino acids of BCCV N protein. The N protein was also localized
in perinuclear region in the cytoplasm (Ravkov and Compans, 2001). This perinuclear
localization was not dependent on vRNA since the N protein expressed alone localized in
the same region (Ravkov et al., 1998). A marker for the Golgi complex, α-mannosidase II,
revealed that the N protein was associated with Golgi membranes. Furthermore, hantavirus
L protein has been demonstrated to colocalize with both the GM130, Golgi matrix protein,
and the N protein (Kukkonen et al., 2004). These data suggest that hantavirus RNA
synthesis could occur on Golgi membranes. This is not surprising since intracellular
membranes are the sites of replication of many RNA viruses. These viral replication
complexes are associated with membranes derived from different organelles: the ER, the
Golgi or vesicles. It would be feasible to have a similar arrangement for hantavirus
replication complex where the N protein could be the key component in initiating the
assembly of “replication factory”.
4.3.2. RNP assembly and virus budding
The main function of the NP in infected cells is to protect vRNA. The mechanism of
RNA encapsidation in hantaviruses is not well understood. As discussed above, the
specific structure at the 5’ end of vRNA acts as an encapsidation signal, which is
recognized by the N protein (Severson et al., 2001). Accumulation of the N protein
molecules leads to the encapsidation of the whole RNA molecule. Current data suggest
that the N protein does not bind to vRNA as a monomer but instead N protein trimers have
been proposed to be the intermediates that assemble on vRNA (Alfadhli et al., 2001).
Oligomerization of the hantavirus N proteins could alter the N protein conformation
making it more prominent for the vRNA binding like it has been suggested for the NP of
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porcine reproductive and respiratory syndrome virus (family Arteriviridae) (Wootton and
Yoo, 2003).
RNPs of many negative-strand RNA viruses form helical structures. The vRNA
genomes are organized into RNPs in a way that NPs are bound to RNA at regular intervals.
It is the length of RNA molecule that determines how many NP molecules are needed for
the encapsidation. The stoichiometry for the NP-RNA complexes has been estimated. In all
negative-strand RNA viruses nucleotide (nt) : nucleoprotein (NP) ratio is a multiple of
three (Mavrakis et al., 2002). The classical rule of six in the Paramyxoviridae family states
that the virus genome is copied efficiently only if its length in nucleotides is a multiple of
six, i.e., each NP monomer associates with exactly six nucleotides (Vulliemoz and Roux,
2001). The ratio determined for influenza virus (family Orthomyxoviridae) was 24 nt/NP
(Ortega et al., 2000), for VSV and rabies virus, (family Rhabdoviridae) 9 nt/NP (Iseni et
al., 1998; Thomas et al., 1985) and for Marburg virus, (family Filoviridae) 12 or 15 nt/NP
(Mavrakis et al., 2002). Due to the lack of high-resolution images of hantavirus RNPs,
their stoichiometry is not known (Goldsmith et al., 1995; Betenbaugh et al., 1995).
Electron microscopy analysis has been used to visualize recombinant and viral
RNPs, but due to their flexibility and heterogeneity, high-resolution images have been
difficult to obtain. In mini-RNPs, the NPs are bound to short RNAs forming small N-RNA
rings that are more regular than full-length viral RNPs. They are biophysically and
biochemically indistinguishable from viral RNPs and suitable for 3-D structural analysis.
Using electron microscopy and image reconstruction, the first 3-D structural models for
influenza A and rabies virus RNPs were published a few years ago (Martin-Benito et al.,
2001; Schoehn et al., 2001). In the mini-RNPs, the NP monomers presented a clear
curvature in the side view suggesting that both halves could interact with each of its
neigbor NP molecules. The RNA in the rings was not visible, but it was suggested that the
location of RNA in rabies virus RNPs could be at the top of the rings. This position would
place the RNA at the interior side of the coil (Schoehn et al., 2001).
Bunyaviruses belong to the best-studied viruses that bud into the Golgi.
Accumulation of G1 and G2 proteins on the Golgi complex has been thought to determine
the budding site for hantaviruses (Pettersson and Melin, 1996). However, BCCV and SNV
G1 and G2 proteins have been localized at the cell surface (Ravkov et al., 1997;
Spiropoulou et al., 2003), and viral particles were released predominantly from the plasma
membrane of infected cells (Goldsmith et al., 1995; Ravkov et al., 1997). These pieces of
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evidence support the cell-surface model of maturation of the Sigmodontinae-borne
hantaviruses.
Since hantaviruses and other bunyaviruses do not have a matrix protein, the N
protein should have a crucial role in linking RNPs to envelope proteins. The N protein
seems to perform this function via direct interaction with the cytoplasmic tail of the G1
protein (Koistinen, V., personal communication). The mechanism, how hantavirus RNPs
are incorporated into virus particles is not known but regardless of the budding site (on the
Golgi membrane or at the plasma membrane), it can follow the same principles. Two
models for incorporation of influenza A virus RNPs into virions have been proposed; (i)
the “random-incorporation model” assumes that RNPs are randomly incorporated into
virions based on the common structural features in all RNPs, (ii) the “selective-
incorporation model” suggests that RNPs are incorporated individually based on the
specific structures in each molecule (Fujii et al., 2003). Studies with influenza A virus,
reconstructed from plasmids, have shown that all eight segments were crucial for efficient
virus production. For packaging of the neuraminidase-encoding segment of vRNA both the
3’ and 5’ ends of the coding region were needed. Consequently, these data supported the
“selective-incorporation model” (Fujii et al., 2003). For the incorporation of hantavirus
RNP, the minimum requirement is that one molecule of each segment (S, M and L) is
packaged into the virus particle. It has been speculated that RNA secondary or tertiary
structure may influence the selection process (Jonsson and Schmaljohn, 2001). Since the
selection mechanism has not been identified, the possibility that packaging of three
hantavirus RNPs is a random process cannot be completely excluded.
4.4. N PROTEIN INTERACTIONS WITH CELLULAR PROTEINS
As discussed in previous chapters, the bunyavirus N protein has important functions
in RNA replication, encapsidation and virus assembly. The N protein is much more than
merely a structural, RNA binding protein; it has several functions that modulate cellular
metabolism. These activities are discussed below.
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4.4.1. N protein involved in the MxA –mediated antiviral response
Proteins of the Mx family are universal interferon (IFN) –inducible gene products
with antiviral activity (Haller and Kochs, 2002). Type I IFNs, i.e. IFNα and IFNβ, are
produced in direct response to a virus infection (Goodbourn et al., 2000). Virus replication
produces dsRNA that leads to the activation of transcription factors (e.g., NFκB and
members of the interferon regulatory factor family) and their translocation to nucleus
where they interact with the IFNα/β promoters. IFNs, produced by infected cells, induce
the transcription of certain genes and the corresponding gene products activate a broad
range of antiviral response (Samuel, 2001).
One line of defense is based on the Mx proteins. Mx proteins are guanosine
triphosphatases (GTPases) of which GTP-bound Mx proteins represent the antivirally
active form (Pitossi et al., 1993). The best-characterized Mx proteins are human MxA and
mouse Mx1 that provide resistence to a wide range of RNA viruses, including members of
Orthomyxoviridae, Paramyxoviridae, Rhabdoviridae, Togaviridae and Bunyaviridae
families. The mechanism for MxA antiviral activity started to reveal when the GTP-bound
MxA was observed to interact directly with the NP of Thogoto virus (THOV) (family
Orthomyxoviridae) (Kochs and Haller, 1999a). It was further demonstrated that MxA
inhibited THOV replication either by blocking viral RNA synthesis or by preventing the
transport of RNPs into the nucleus, the site of THOV RNA replication (Kochs and Haller,
1999b; Weber et al., 2000).
Hantaviruses are susceptible to MxA protein as well. It was shown that PUUV
infection in infected monocyte/macrophages was inhibited by IFNα (Temonen et al.,
1995). Further studies have specifically pointed out that MxA is responsible for inhibiting
PUUV and TULV infection (Kanerva et al., 1996), as well as, LACV (genus
Orthobunyavirus), RVFV (genus Phlebovirus) (Frese et al., 1996), Dugbe and Crimean
Congo Hemorrhagic Fever virus (CCHFV) (genus Nairovirus) infection (Bridgen et al.,
2004; Andersson et al., 2004a). The inhibition of bunyavirus infection has been shown to
occur at the early steps of genome replication (Frese et al., 1996). It has been demonstrated
that MxA binds directly to the N protein in LACV, BUNV and RVFV infected cells and
targets the N protein to filamentous structures in perinuclear region in the cytoplasm
(Kochs et al., 2002). It has been speculated that MxA sequesters the N protein and reduces
the amount of free N protein crucial for vRNA replication. The current model for MxA
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action suggests that MxA adopts two different conformations; homo-oligomers as a
storage form in the absence of infection and co-polymers with N proteins in infected cells
(Haller and Kochs, 2002).
Interestingly, the data from DNA microarray analysis of cellular mRNAs showed
that MxA specific transcript was induced ~160-fold 1 day after infection by non-
pathogenic PHV compared with ~4-fold and <2-fold by the pathogenic New York-1
hantavirus and HTNV, respectively (Geimonen et al., 2002). Although it was noticed that
4 days after infection all three hantaviruses induced MxA about 200-fold, it was speculated
that rapid MxA activation by non-pathogenic virus could slow down the infection and help
the defense system to clear the infection.
4.4.2. N protein interactions with actin microfilaments
Many viruses interact with actin at different stages of their infection cycle, both
disrupting and rearranging the actin cytoskeleton to their own advantage (Cudmore et al.,
1997). Actin polymerization is required for endocytosis of some viruses but actin filaments
are not used in transporting incoming RNPs from the site of entry to the replication site.
These activities are driven by microtubule-based components. Instead, actin filaments are
rather used at the budding step through cellular membranes (Smith and Enquist, 2002).
Like cellular membrane structures, actin filaments may form anchoring sites for viral RNA
replication complexes thus providing suitable microenvironment for replication.
In nonmuscle cells, actin is present in both globular monomeric and filamentous
forms. Viral proteins usually bind to the filamentous actin. During paramyxovirus
infection, the host cell actin participates in viral RNA synthesis and virus budding. In
human parainfluenza virus-3 and respiratory syncytial virus RNA replication,
polymerization of actin microfilaments was required (Huang et al., 1993; Gupta et al.,
1998). The RNP association to actin filaments was shown to induce conformational change
in RNP structure that was favorable for transcription (De et al., 1993). For measles virus,
actin filaments were not required for RNA synthesis but they acted as vehicles to transport
RNP to the cell surface for virus budding (Moyer et al., 1990). Which component in
paramyxovirus RNP (NP, L or P protein) binds to actin filaments is not known. It is also
possible that cellular proteins mediate the RNP interaction with actin filaments, like in the
case of rabies virus. The NP of rabies virus was shown to interact with a neuron-specific,
actin-binding phosphoprotein, synapsin I. The interaction led to the inhibition of actin
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bundling (Ceccaldi et al., 1997). Since synapsin I plays a regulatory role in
neurotransmitter release as well, this may be the mechanism how rabies virus disturbs
neuronal function. In the case of influenza A virus, the NP-actin interaction has been
suggested to cause the cytoplasmic retention of viral RNPs that are destined for packaging
into progeny virions (Avalos et al., 1997; Digard et al., 1999).
Very little is known about the N protein – actin interactions in bunyaviruses. In
approx. 5% of infected cells, N proteins form filamentous structures in the cytoplasm
(Ravkov and Compans, 2001). The N protein of BCCV hantavirus has been found to
colocalize with actin filaments and to bind monomeric actin (Ravkov et al., 1998).
Filamentous actin had a crucial role in the hantavirus infection cycle since the disruption of
actin filaments by cytochalasin D led to the inhibition of virus release. It was shown that
actin filaments are involved at the stage of virus assembly proposing that actin filaments
transport BCCV RNPs to the plasma membrane where the virus assembly and release
occurs. Another hantavirus, SNV, has been shown to bud at the plasma membrane as well
(Goldsmith et al., 1995). The release of Punta Toro virus (genus Phlebovirus) was not
affected by the disruption of actin filaments suggesting that viruses budding to the Golgi
do not need actin filaments for maturation. Recently, the N protein of CCHFV (genus
Nairovirus) was reported to interact with actin (Andersson et al., 2004b). It was shown that
actin filaments were essential for the N protein localization to the perinuclear region and
for the assembly of infectious CCHFV particles. Since hantavirus and CCHFV N proteins
are very similar in length (429-433 amino acids and 482 amino acids, respectively)
compared to other bunyaviruses (230-270 amino acids), they may have a similar overall
organization and function, including actin binding (Andersson et al., 2004b).
4.4.3. N protein interactions with Daxx and role in apoptosis signaling
Daxx is a 110 kDa protein expressed ubiquitously in different tissues (Yang et al.,
1997). It is a recently described protein with no significant sequence similarity to known
proteins. Daxx is localized both in cytoplasm and nucleus and it has been found to have
several functions. It binds to the death domain of Fas apoptosis receptor in the cytoplasm
(Yang et al., 1997) and/or interacts with promyelocytic leukemia nuclear bodies (PML
NBs) in the nucleus (Torii et al., 1999). PML NBs are subnuclear structures where a
number of proteins regulating transcription, cell cycle and apoptosis are transiently
localized. Daxx has been identified as a pro-apoptotic adaptor protein signaling via Jun N-
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terminal kinase pathway (Chang et al., 1998). Other studies have shown its anti-apoptotic
activity (Torii et al., 1999; Michaelson et al., 1999). Due to its potentially dual nature
regarding apoptosis signaling, its functions need further clarification.
It has been shown that apoptosis is promoted by both the pathogenic HTNV and
non-pathogenic PHV in cultured Vero E6 cells (Kang et al., 1999). Although the execution
of apoptosis was a relatively slow process, it was demonstrated that 7 days after virus
infection nearly 30% of cells underwent apoptosis. At the same time the amount of the
antiapoptotic protein Bcl-2 was decreased approx. 10-fold. It was hypothesized that low
levels of Bcl-2 could trigger apoptosis in infected cells (Kang et al., 1999). Recent data
from our laboratory suggested another mechanism for hantavirus-induced apoptosis. In
TULV-infected Vero E6 cells, caspase and TNF receptor-1 activation were found to
mediate apoptosis signaling (Li et al. submitted). Furthermore, the PUUV N protein were
shown to interact with the C-terminal part of Daxx (Li et al., 2002). The C-terminal region
is involved in competitive interactions with many cellular proteins including transcription
factors, Fas receptor, PML protein and ubiquitin conjugating enzyme-9 (Ubc-9) (Jang et
al., 2002). The association of the N protein may disturb cellular functions of Daxx. Since
Daxx may also function as a transcriptional repressor (Li et al., 2000), it can be
hypothesized that the N protein sequestering Daxx in the cytoplasm prevents Daxx-
mediated transcriptional repression. This could allow apoptosis pathway to be triggered in
hantavirus-infected cells. After these initial findings, the role of Daxx during hantavirus
infection cycle needs further studies.
HTNV-, SEOV- and ANDV-induced apoptosis was detected in human embryonic
kidney cell culture (HEK293), but mainly in uninfected, bystander cells (Markotic et al.,
2003). The mechanism(s) how apoptosis was triggered in neighboring cells is not known.
Although components of the TNF-receptor pathway (including Fas) were not activated in
these cells, strong CPE was demonstrated, for the first time, in these virus-infected cells
(Markotic et al., 2003). On the contrary, other researchers have shown that apoptosis was
not induced in HTNV-infected dendritic cells but costimulatory, MHC and adhesion
molecules were upregulated and the release of proinflammatory cytokines (e.g., TNFα)
was induced (Raftery et al., 2002). These and other data have suggested other effector
mechanisms than apoptosis such as immune system –mediated effects, to be involved in
hantavirus pathogenesis (Kanerva et al., 1998; Sundstrom et al., 2001).
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4.4.4. Viral protein interactions with the sumoylation pathway
Several viruses have been known to interfere with the host cell sumoylation
reactions (Wilson and Rangasamy, 2001). Small ubiquitin-like modifiers (SUMOs),
approx. 100 amino acids, are members of the growing family of ubiquitin-related proteins
(Melchior, 2000). At the amino acid sequence level, SUMOs have low homology to
ubiquitin (18 %) but structurally the proteins resemble each other (Seeler and Dejean,
2003). SUMOs are covalently attached to a lysine residue in the consensus motif, ΨKXE
(Ψ represents a hydrophobic residue and X represents any amino acid). SUMOs, especially
SUMO-1, are conjugated to a large number of cellular and viral proteins (some 60 target
proteins have been reported so far) (Seeler and Dejean, 2003).
In higher eukaryotes, two SUMO-1 -related proteins have been identified: SUMO-2
and SUMO-3. They exist primarily as free proteins and they are 97% identical to each
other, but only approx. 50% identical to SUMO-1. Ubiquitin-conjugating enzyme-9 (Ubc-
9) conjugates SUMOs covalently to lysine residues of the target proteins. Sumoylated
proteins are mainly nuclear proteins, such as transcription factors, DNA repair proteins and
components of promyelocytic leukemia nuclear bodies (PML NBs) and nuclear pore
complex. Mechanistically sumoylation is very similar to ubiquitination but some
significant differences are recognized as well. For example, Ubc-9 is the only E2 enzyme
(involved in SUMO-1 conjugation) in the sumoylation pathway (Figure 4.4.4.1).
Figure 4.4.4.1. Enzymology of sumoylation. In an ATP-dependent reaction SUMO forms a
thioester bond with the E1 activating enzyme, Aos1/Uba2. From E1 enzyme, SUMO is
transferred to the E2 conjugating enzyme, Ubc-9. Last step requires E3 ligating enzyme,
e.g., PIAS, that catalyses the formation of an isopeptide bond between SUMO and a lysine
residue in the target protein.
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The functions of ubiquitination, which primarily targets proteins for degradation,
and of sumoylation are different. Two main functions for sumoylation have been shown so
far: (i) altering subcellular localization of the target protein (e.g., nuclear import factor
RanGAP1 is relocalized after sumoylation from cytoplasm to the nuclear pore complex
(Matunis et al., 1998)) and (ii) antagonizing ubiquitination of the target protein (e.g.,
sumoylation stabilizes NFκB inhibitor IκBα, by blocking its ubiquitination site (Desterro
et al., 1998)). Sumoylation reactions have been noticed to occur in other cellular pathways
as well but these are not well understood.
Viral proteins are also targets for sumoylation. SUMO-1 -conjugation by Ubc-9 can
modify protein function and intracellular localization. The E1 protein of bovine papilloma
virus is nuclear and responsible for viral DNA replication. Mutation of a critical lysine in
the E1 protein prevented the sumoylation and non-sumoylated E1 protein accumulated in
the cytoplasm showing that sumoylation is essential for nuclear targeting (Rangasamy et
al., 2000). Sumoylation has been documented to change the viral protein function, e.g., by
enhancing the transcriptional activity of cytomegalovirus (CMV) IE2 protein (Hofmann et
al., 2000; Ahn et al., 2001). The way that sumoylation can change the transcriptional
activity is unknown.
Members of the Herpesviridae family can change the sumoylation state of cellular
proteins. The IE1 protein of CMV (Muller and Dejean, 1999), the BZLF1 protein of
Epstein-Barr virus (Adamson and Kenney, 2001) and the ICPO protein of herpes simplex
virus (Parkinson and Everett, 2000) have been shown to decrease sumoylation of PML
and/or Sp100, that build the framework of PML NBs. SUMO-1 removal led to disruption
of PML NBs to their components followed by degradation through ubiquitin/proteasome
pathway (Everett et al., 1998). How the viral proteins abrogate the SUMO-1 modification
is not known but sumoylation of the viral protein itself is not necessarily required (Wilson
and Rangasamy, 2001). In addition to members of the Herpesviridae, many DNA viruses,
as well as influenza A virus, that replicate in the nucleus, have been documented to alter
the structure of PML NBs (Guldner et al., 1992). The role of PML NBs during virus
infection is poorly understood but their integrity is often disturbed after virus infection.
PML NBs have been suggested to function in virus transcription and replication as well as
in antiviral responses (Maul, 1998). Together with the data showing that PML and Sp100
are highly upregulated by interferons, these observations suggest that sumoylation
reactions are likely to have an important role in virus infection.
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In addition to PML and Sp100, Daxx is also one of the components found in PML
NBs (Ishov et al., 1999). Sumoylated PML was shown to recruit Daxx from chromatin to
PML NBs. Notably, Daxx has been found sumoylated which affected neither its interaction
with PML nor its localization in the PML NBs (Jang et al., 2002). Since Daxx has been
found to interact with hantavirus N protein (Li et al., 2002), hantavirus infection could
have some effects on e.g., nuclear localization or sumoylation status of Daxx and,
consequently on functions of Daxx in the nucleus.
Interestingly, the mouse Mx1 protein has been shown to interact with both
sumoylation pathway proteins like SUMO-1 and proteins of PML NBs like Sp100 and
Daxx (Engelhardt et al., 2001). These data suggested that, in addition to other functions,
PML NBs and SUMO-1 might be needed for Mx1 antiviral activity (Engelhardt et al.,
2001). Whether MxA has similar activities to Mx1, e.g., interactions with SUMO-1, is not
known.
Before starting this study, hantaviruses or other negative-strand RNA viruses were
not known to interfere with the components of the sumoylation pathway(s).
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5. AIMS OF THE STUDY
Traditionally, hantavirus research has focused on the molecular genetics and
epidemiology. During recent decade, research topics in hantavirus field have expanded
towards protein chemistry and cell biology. Prior to the beginning of this study, interaction
capacity of the hantavirus N protein was poorly known. Based on the data accumulated on
nucleoproteins of other negative-strand RNA viruses, it was reasonable to expect that the
hantavirus N protein could interact with neigboring N protein molecules as well as with
viral RNA during the assembly of helical viral “chromosomes”. Antigenic epitopes of the
hantavirus N protein had been characterized well, and the N protein had been shown to
have a strong tendency to aggregate. Due to the lack of evidence for specific homotypic
interaction, no functional domains of N proteins had been mapped either.
The N protein is produced in large quantities in hantavirus-infected cells. The
accumulation of the viral protein in the cytoplasm may have serious consequences on the
cellular metabolism. Cellular binding partners for the N protein were poorly known.
Therefore, it was evident from the beginning that this study will focus on the N
protein and its capacity to interact with itself and with cellular proteins.
The specific aims were:
 To evaluate the N protein capacity for the homotypic interaction.
 To map regions involved in the N-N interaction(s).
 To study the N protein interaction with a cellular protein, SUMO-1.
Materials and Methods
_________________________________________________________________________
36
6. MATERIALS AND METHODS
6.1. MATERIALS
The materials used in this study are summarised below. A more detailed description can be
found in the indicated publications.
Antibodies                                         Manufacturer/Provider/Reference               Used in
MAbs:
4C3 (N protein) (Lundkvist et al., 1991) I
1C12 (N protein) (Lundkvist et al., 1991) I
1C8 (N protein) (Lundkvist et al., 1996b) II
3D3 (N protein) (Lundkvist et al., 1996b) I, II
GAL4 DNA-BD BD Biosciences Clontech I, II
GAL4 AD BD Biosciences Clontech I, II
GMP-1 (SUMO-1) Zymed II
GAL4 (DBD) (RK5C1) Santa Cruz Biotechnology III
VP16 (1-21) Santa Cruz Biotechnology III
GFP BD Biosciences Clontech II
PAbs:
PUUV N (Vapalahti et al., 1995) II, IV
SUMO-1 Prof. P. Freemont II
KH-1500 Prof. M. Sarvas II
Conjugates:
HRP-swine anti-rabbit DAKO II
HRP-rabbit anti-mouse DAKO I, II, III
FITC-donkey anti-rabbit Jackson Immunoresearch Laboratories II, IV
TRITC-donkey anti-mouse Jackson Immunoresearch Laboratories II
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Expression vectors                           Manufacturer/Provider                                  Used in
pGAD GH Pharmingen I, II
pGBT8 Pharmingen I, II
pEG202 BD Biosciences Clontech II
pJG4-5 BD Biosciences Clontech II
pEGFP-C2-SUMO Dr. H. Poukka II
pEGFP-C2-SUMOGA Dr. H. Poukka II
pM1 BD Biosciences Clontech III, IV
pVP16 BD Biosciences Clontech III, IV
pET41b-N Dr. S. Kukkonen II
pcDNA3 Invitrogen III, IV
pRL-SV40 Promega III, IV
pG5-luc Promega III, IV
6.2. METHODS
The methods used in this study are summarized below. A more detailed description can be
found in the original publications.
6.2.1. Cell culture techniques (I, II, III, IV)
COS7, HeLa and Vero E6 cells were cultivated in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin and
streptomycin at +37°C in a humified 95% air-5% CO2 atmosphere.
6.2.2. Chemical crosslinking (I)
Crosslinking of N protein samples was performed by using bis(sulfosuccinimidyl)
suberate (BS3) to determine near-neighbor relationships. After treatment with 0.25-0.4 mM
BS3 in phosphate-buffered saline pH 7.4 (PBS) for 30 min at RT, the N protein samples
were reduced in sample buffer (125mM Tris pH 6.8, 4% SDS, 20% glycerol, 10% 2-
mercaptoethanol, 0,01% bromphenol blue). The proteins were separated on SDS-10%
acrylamide gel and visualized by coomassie staining or immunoblotting.
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6.2.3. Co-immunoprecipitation (II)
Co-immunoprecipitation was used to study the N protein interaction with
endogenous SUMO-1 in TULV -infected cells. After 7 days of TULV infection, Vero E6
cells were washed with MEM without cysteine and methionine and labeled for 4 h with 1.4
mCi of 35S-methionine and 35S-cysteine. Nuclear fraction was prepared as described
below. After preadsorption with protein A-Sepharose, supernatants were recovered for co-
immunoprecipitation. Polyclonal antibodies against N protein or SUMO-1 or control
antisera were added to the nuclear samples. Protein A-Sepharose beads were added to
collected immunocomplexes. The beads were washed and the samples were analyzed on
SDS-10% polyacrylamide gels and the immunoprecipitated proteins were detected by
autoradiography.
6.2.4. Computer modelling of the C-terminal interaction region (IV)
The analysis of the architecture of the N protein C-terminal region was done using
the SMART server at EMBL. The side chains were modelled on the backbone using the
MaxSprout program (Holm and Sander, 1991) at EMBL dali server. The C-terminal model
structure was constructed using the molecular modeling system INSIGHT II version 2000
(Accelrys Inc.,) on a Silicon Graphics workstation.
6.2.5. Confocal immunofluorescence microscopy (II)
Confocal microscopy was used to colocalize the N protein and SUMO-1 in TULV-
infected cells. Infected and non-infected Vero E6 cells grown on coverslips were fixed
with 3.2% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS.
Cells were double-stained with polyclonal SUMO-1 antibody and monoclonal N protein
antibody. The samples were treated with anti-rabbit IgG-FITC and anti-mouse IgG-TRITC
conjugate secondary antibodies and observed under a confocal microscope. Nuclear
staining was performed with propidium iodide. The samples were examined using a Zeiss
LSM 450 invert laser scan microscope with an x40 oil immersion lens combined with a
confocal laser. For FITC fluorescence the excitation was at 488 nm and emission at 515
nm; for TRITC fluorescence excitation was at 529 nm and emission 550 nm. The acquired
FITC and TRITC image pairs were merged using Adobe Photoshop software.
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6.2.6. ELISA (I)
96-well plate was coated with the recombinant PUUV N protein by overnight
incubation. To obtain one layer of N proteins, wells were washed with 6 M urea/PBS. The
wells were blocked with 1% BSA/PBS and washed with incubation buffer (25mM Tris pH
8, 50mM NaCl, 1% BSA). The recombinant TULV N protein was diluted with incubation
buffer containing 0-75mM NaCl, CaCl2, MnCl2, MgCl2, BaCl2 or 0-20mM EDTA. TULV
N protein solution was added to the PUUV N -coated wells and incubated for 1 h RT. Then
wells were washed with incubation buffer and bound TULV N protein was detected by
TULV N -specific MAb 3D3 followed by HRP rabbit anti-mouse antibody and TMB
substrate solution. OD450 values were determined and compared to control values
obtained in BSA -coated wells. Four parallels were done for each experiment.
6.2.7. GST pull down assay (II)
GST pull down assay was carried out to obtain evidence for the non-covalent N
protein – SUMO-1 interaction. GFP-SUMO-1 and GST-N were expressed from plasmids
pEGFP-C2-SUMO and T7 promoter -containing pET41b-TULVN in HeLa cells. Cells
were lysed in lysis buffer (50mM Tris-HCl pH 8.0, 20mM NaCl, 0.5% NP-40).
Supernatants were collected and GST pull down experiment was carried out by incubating
lysates with glutathione-Sepharose beads. The beads were washed and suspended in
reducing sample buffer. The samples were analyzed on SDS-10% polyacrylamide gels and
the bound SUMO-1 was detected by immunoblotting.
6.2.8. Immunoblotting (I, II, III)
Proteins were separated on SDS-acrylamide gels and transferred onto a
nitrocellulose membrane. Membranes were blocked with 5% skim milk powder, 0.05%
Tween 20, TEN (20mM Tris-HCl pH 8, 1mM EDTA, 50mM NaCl) –buffer by incubating
overnight at +4°C or 1 h at +37°C. Membranes were immunoblotted with primary
antibody (1-2 h, RT) and after washing step (3 x 10 min) with secondary antibody (30-60
min, RT), both diluted in 1% skim milk powder, 0.05% Tween 20, TEN -buffer. Proteins
were detected using enhanced chemiluminescence (ECL).
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6.2.9. In vitro transcription/translation (III)
The N protein for the ala-scan assay was produced from plasmid pcDNA3-N by
using Tnt Coupled Reticulocyte Lysate Systems kit according to the manufacturer’s
instructions (Promega). The labeled N protein band in SDS-PAGE gel was visualized by
fluorography.
6.2.10. Mammalian two-hybrid system (III)
The mammalian two-hybrid assay was used to compare the interaction capacity of
modified N protein. HeLa cells were co-transfected with DNA constructs expressing N
protein mutants fused to the DNA binding domain (DBD), N protein mutants fused to the
activation domain (AD), firefly luciferase (FF-luc) reporter and Renilla luciferase (RL-
luc). The mammalian two-hybrid assay was performed 24 h after transfection. The
luciferase activities were determined using the Dual-Luciferase Reporter Assay System
(Promega). Due to inherent variations the RL-luc values were used to normalize FF-luc
values by the following way: Normalized value of the experiment A = [(RL-luc value from
N-N / RL-luc value of the experiment A) x FF-luc value of the experiment A. The formula
for interaction (%) = (normalized value of the experiment A / normalized value of N-N) x
100.
6.2.11. Nuclear fraction preparation (II)
Vero E6 cells were collected in cold lysis buffer (50mM Tris pH 8.0, 150mM NaCl,
5mM EDTA, 0.5% NP-40, 1mM PMSF, 20mM N-ethylmaleimide + EDTA-free cocktail
of protease inhibitors) and homogenized in a Dounce homogenizer. The nuclear fraction
was pelleted by centrifugation (600 x g, 10 min) and the pellet was suspended in the lysis
buffer. Cell debris was removed by centrifugation (200 x g, 3 min).
6.2.12. Pepscan (II, III)
Pepscan was used to determine linear epitopes responsible for the N protein binding
in SUMO-1 (paper II) and in N protein (paper III). Overlapping peptides of 15 amino acid
residues corresponding to SUMO-1 or TULV N protein were synthesized with 1-residue
shifts on cellulose filter by Abimed Autospot robot ASP 222. The filter was blocked with
3% BSA in TBST (10mM Tris, pH 7.4, 150mM NaCl, 0.05% Tween 20) and incubated
with the N protein. The peptide-bound N protein was transferred electrophoretically on to
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nitrocellulose membrane and detected by ECL (with monoclonal antibody against N
protein and using HRP -conjugated secondary antibody).
6.2.13. Purification of recombinant N protein (I)
Recombinant PUUV and TULV N proteins were expressed by a baculovirus
expression system in Sf9 insect cells that were lysed by freezing and thawing. Cell lysate
was treated with 3 M urea in TEN and inclusion bodies containing the N protein were
recovered by centrifugation. Inclusion bodies were solubilized by incubating with 8.5 M
urea in TEN (30 min, RT). The soluble N protein extract was collected after centrifugation
and stored at -20°C. For further purification, the N protein extract was diluted 10-fold with
10% ethylene glycol in PBS and incubated with Heparin-Sepharose. Heparin-Sepharose
was packed in a column, rinsed with 10% ethylene glycol in PBS. Bound N protein was
eluted with 1 M NaCl in TEN.
6.2.14. Recombinant DNA techniques and sequencing (I, II, III, IV)
Basic recombinant DNA techniques (PCR, restriction endonuclease digestion,
agarose gel electrophoresis, DNA ligation, bacterial transformation etc.) (Sambrook and
Russell, 2001) were carried out to create new DNA constructs. All prepared DNA
constructs were confirmed by sequencing using ABI PRISM Dye Terminator kit (Perkin-
Elmer) at Haartman Institute core facility.
6.2.15. Secondary structure predictions (IV)
The secondary structure prediction for N proteins of TULV, SNV and HTNV was
done using JPRED (Cuff et al., 1998) and Predict Protein (Rost, 1996) servers.
6.2.16. Site-directed mutagenesis (IV)
Point mutations were created in the pM1-TULVN and pVP16-TULVN plasmids
using site-directed mutagenesis kit according to the manufacturer's instructions
(Stratagene). All the plasmids were characterized by restriction endonuclease digestion and
sequencing.
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6.2.17. Transient DNA transfection (II, III, IV)
Cells were seeded in MEM supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, penicillin and streptomycin onto appropriate plates 24 h prior transfection. Cell
confluency during transfection was about 70%. Transfections were performed according to
the manufacturer's instructions (Boehringer Mannheim). The ratio of FuGene™6 reagent
(µl) : DNA (µg) was 4:1.
6.2.18. Yeast two-hybrid system (I, II)
The yeast two-hybrid system was carried out using GAL4 DBD and GAL4 AD
expression vectors. The cDNA fragment representing the N proteins of PUUV, TULV and
DOBV was generated by PCR from corresponding cDNA clones. The Saccharomyces
cerevisiae strain Y166 was grown in non-selective YPD medium (1% yeast extract, 2%
peptone, 2% glucose) or synthetic minimal (SM) medium (0.17% yeast nitrogen base, 5%
ammonium sulfate, 2% glucose) supplemented with appropriate amino acids. Yeast cells
were cotransformed with constructs expressing DBD-N and AD-N and selected for
tryptophan and leucine prototrophy on appropriate minimal media. β-Galactosidase
activity was assayed by transferring colonies on selective media containing 200 µM 5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) and growing them at 30 °C for 7
days. Interaction between proteins was observed by appearance of blue colonies.
Expression of GAL4 fusion proteins was controlled by immunoblotting with DBD and AD
MAbs.
Screening of cDNA libraries with TULV N protein. The yeast two-hybrid
screening was carried out to search for cellular proteins interacting with the N protein.
Two different systems, LexA and Gal4 systems, were used according to the manufacturer’s
instructions. In the LexA system, TULV N ORF in the "bait" vector was used to screen a
human fetal liver cDNA library in the "prey" vector in S. cerevisiae strain Boy-1. In the
Gal4 system, TULV N ORF in the "bait" vector was used to screen HeLa cDNA library in
the "prey" vector in S. cerevisiae strain Y166. Yeast cells were grown in non-selective
YPD medium or SM medium supplemented with appropriate amino acids and 20 mM 3-
amino-1,2,3-triazole. Cells were selected for tryptophan and leucine prototrophy on SM
plates. The "prey" plasmids were purified from the positive clones, and the inserts were
amplified and sequenced. The obtained sequences were identified by searching nucleotide
databases.
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6.2.19. Virus infection and partial virus purification (I, II)
TULV prototype strain Tula / Moravia / Ma5302V was used to infect cultured Vero
E6 cells. PUUV and TULV were purified from culture medium by centrifugation through a
30% (w/v) sucrose cushion (80 000 x g, 3,5 h, + 4oC). The pellet was dissolved in a buffer
containing (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA) overnight on ice.
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7. RESULTS AND DISCUSSION
7.1. HOMOTYPIC N PROTEIN INTERACTION
Since the main role of viral NPs is to protect viral RNA, it has been reasoned that
NPs should have a potential for multimerization. Before we conducted this study,
multimerization properties of the hantavirus N protein were unknown. It had been noticed
that N protein monomers were difficult to purify (Severson et al., 1999; Vapalahti et al.,
1996a) suggesting that the N protein molecules might aggregate with each other. We set
out  further experiments to characterize this phenomenon.
7.1.1. Hantavirus N protein interactions in the yeast two-hybrid system (I)
The study of hantavirus N protein interactions was initiated by using the GAL4 and
LexA -based yeast two-hybrid systems in which the self-association of TULV N protein
molecules was first observed (I: Table 1). The homotypic interaction was later verified
using mammalian two-hybrid system in HeLa cells. These findings suggested that N
proteins interact in viral particles and/or in infected cells. Furthermore, the TULV N
protein was capable of interacting with N proteins of PUUV and DOBV (I: Table 1). The
overall sequence identity between TULV and PUUV N or DOBV N proteins is 79% and
62%, respectively. Certain regions (e.g., amino acid residues 150-200) in the N protein
molecule show higher level of similarity. It is likely that the highly conserved regions form
domains that have functional significance, e.g., interactions with viral RNA, the L protein
or with other N protein molecules.
7.1.2. Purification and characterization of the recombinant N protein (I)
Since the N-N interaction was demonstrated in two-hybrid systems, the N-N
interactions were studied in more detail. Purified N protein was needed, but preparation of
the hantavirus N protein either from virions or infected cells was not feasible, due to the
relatively low yield. The N protein has been expressed in several heterologous systems
e.g., as a poly-histidine fusion protein in E. coli (Gott et al., 1993; Elgh et al., 1996;
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Severson et al., 1999), in a baculovirus expression system in insect Sf9 cells (Schmaljohn
et al., 1988; Vapalahti et al., 1996a) or in vaccinia virus expression system in Vero E6 cells
(Schmaljohn et al., 1990). The baculovirus expression system to produce recombinant N
proteins had been established in our group and was used to produce TULV and PUUV N
proteins. The purification of the recombinant N protein was carried out in the presence of
urea since the protein has a tendency to aggregate (Vapalahti et al., 1996a). The
recombinant N protein formed spontaneously dimers, trimers and oligomers via covalent
disulphide bonds (I: Fig. 2a). In contrast to the recombinant N protein, the N protein from
purified virus or infected cells was seen solely in a monomeric form (I: Fig. 1). When the
recombinant N protein molecules were treated with dithiotreitol, to break the disulfide
bridges, and subsequently with iodoacetamide, to prevent oxidation of the free sulfhydryl
groups, they were converted into the monomeric form (I: Fig. 2a). Heparin-Sepharose
chromatography was used when further purification of the recombinant N protein was
needed, e.g., in the crosslinking experiments. Prior to use the samples were dialyzed
against PBS to obtain refolded N protein. The recovery was not always high with this
method due to insufficient renaturation.
7.1.3. Biochemical characterization of the N-N interaction (I)
To characterize N protein interactions, chemical crosslinking was applied.
Bis(sulfosuccinimidyl) suberate (BS3), a homobifunctional crosslinker, that reacts with
amino groups in the target protein was used. BS3, having a spacer arm length of 11.4 Å, is
suitable to study intermolecular interactions. The crosslinking data showed that the N
protein from purified virus and from virus-infected cell lysate, being initially in a
monomeric form, was able to assemble into dimers and trimers and, to some extent, also to
higher molecular weight multimers (I: Fig. 1). These results suggested that in viral
particles as well as in infected cells the N protein molecules are kept in close proximity
and, therefore, can be crosslinked. The same was seen with the recombinant, monomeric
TULV and PUUV N proteins, produced in the baculovirus expression system. While
without the crosslinker only the monomer was seen, in the presence of BS3 new bands
corresponding to dimers, trimers and aggregates appeared (I: Fig. 2b,c). The data further
suggested that RNP assembly is not a random process but N proteins can form
intermediates before assembling on the vRNA. These intermediates (approx. 150 kDa)
were probably N protein trimers similar to those detected with SNV N protein after sucrose
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gradient fractionation and chemical crosslinking (Alfadhli et al., 2001). Notably, N protein
trimers have been documented for other bunyaviruses such as BUNV (Osborne and Elliott,
2000) and UUKV (R. Petterson, personal communication).
To gain more insight on the factors that influence interaction(s) between the N
protein molecules, an ELISA format was developed in which wells were coated with the
PUUV N protein and then the TULV N protein was applied under different conditions.
The N-N interaction was detected with TULV N specific MAb (Lundkvist et al., 1996b).
The data showed that increasing concentration of NaCl inhibited the interaction and 1 M
NaCl prevented the interaction completely, thus, suggesting non-covalent electrostatic
interaction(s) between the molecules (I: Fig. 3). The electrostatic interaction could occur
through hydrogen bonding via amino acid side chains that are exposed to the aqueous
environment. However, where these residues are located was not known. Our data were
later supported by results showing that homotypic interaction of SEOV and HTNV N
proteins occurred as well (Yoshimatsu et al., 2003).
In a separate experiment, it was noticed that divalent cations (Ca2+, Mn2+, Mg2+
and Ba2+) enhanced the interaction. At the 20 mM concentration Ca2+, Mn2+ and Ba2+
enhanced the binding at least 4-fold, and Mg2+ 3-fold, compared to the basal level (I: Fig.
3). The binding dropped to the background level when the cation concentration was raised
to 75 mM. Our findings suggested that divalent cations could either stabilize or induce the
N protein conformation to favor homotypic interaction. Another explanation was that
cations directly link N molecules together. Addition of EDTA demonstrated that the
stimulatory effect of the divalent cations could be abolished (I: Fig. 4). However, when
EDTA was added to the preformed complex of PUUV N / TULV N, it did not dissociate
the complex (I: I : Fig. 4). This suggested that the cation in the N-N complex is
inaccessible to EDTA. Another explanation was that the presence of the cation was crucial
only during the initial dimer/oligomer formation and as soon as the complex had formed,
removal of the cation had no effect.
Divalent cations, especially Ca2+, have been shown to be important for maintaining
the structural stability of several viruses, including bovine papillomavirus type 1 (Paintsil
et al., 1998), SV40 (Sandalon and Oppenheim, 1997) and polyomaviruses (Haynes et al.,
1993). The hantavirus N protein contains near the C-terminus an amino acid stretch (amino
acids 405-416 in PUUV, and amino acids 401-412 in TULV) which resembles the Ca2+ -
binding domain in polyomavirus VP1 protein. This region in the hantavirus N protein
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seems to be the only candidate for the cation-binding domain since no other sequences
related to known metal-binding motifs (e.g., a zinc-finger motif) can be found.
7.1.4. Mapping of the N-N interaction regions (III)
After confirming homo-oligomerization of the N protein, further studies were
focused on the mapping of the interaction regions. The pepscan screening was carried out
to map linear binding sites in the TULV N protein. The 62 N-terminal and the 125 C-
terminal amino acid residues were synthesized on a cellulose membrane and binding of the
recombinant N protein to peptides was detected. Our pepscan results showed that two
regions in the N-terminus (amino acids 13-30 (I), and 41-57 (II)) and three regions in the
C-terminus (amino acids 340-379 (III), 391-407 (IV), and 410-419 (V)) were involved in
the interaction (III: Fig. 1). We suggested that the epitope(s) recognized by pepscan assay
are mainly those involved in the multimerization of the N protein, since recombinant N
protein is mainly in multimeric form (i.e. trimers, dimers, and higher oligomers).
These determined regions were further studied with the alanine scan in which amino
acid residues were replaced with alanine one by one, and the binding of the recombinant N
protein to a given peptide was observed. The alanine scan was used to pinpoint the amino
acids that are primarily responsible for the interaction(s) (III: Fig. 2). In the region I,
residues R13, K24, K26 and K30 seemed to be involved in the binding with the N protein,
as the peptides in which these residues were replaced with alanines showed reduced
binding compared to the parental peptide (III: Fig. 2a). Correspondingly, in the region II
residues R47 and R48 (III: Fig. 2b), in the region IV residues N394, H395, F396 and R407
(III: Fig. 2c), and in the region V residues K417 and K419 (III: Fig. 2d) were important
for the binding with N protein. To summarize, the data pointed out that basic amino acid
residues (K and R) were crucial. This was in agreement with our earlier findings showing
that N protein molecules associate via electrostatic interactions and positively charged
amino acid residues may facilitate the process. Notably, amino acids residues N394, H395
and F396 were found important for the interaction indicating the involvement of non-basic
amino acids residues as well.
As an alternative approach to a more precise mapping of the N-N interaction
regions, the mammalian two-hybrid assay using N protein mutants, was carried out (III:
Fig. 3a). The N protein mutants were expressed as a DBD and AD fusions in HeLa cells
and their capacity to interact was reflected to the reporter gene (luciferase) activity that
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was determined from the cell lysates. The results pointed out that the contribution of the N-
and C-terminal regions in the N-N interaction is not equal. Removal of the N-terminal
region from either of the constructs, [DBD-N(44-429) or AD-N(44-429)], did not reduce
the interaction (III: Fig. 3b). However, when 43 N-terminal amino acid residues were
deleted from both N protein constructs, the interaction was reduced to approx. 80%. This
weak reduction suggested that (i) the N-terminal region is involved in the homotypic
interaction, (ii) other regions participate in the interaction as well. The N-terminal regions
have been shown to form the coiled-coil structure (Alfadhli et al., 2002). The coiled-coil is
composed of α-helices wound around each other as a multistranded helix. A single α-helix
is formed by heptad repeat of seven amino acid residues of which the first and the fourth
are generally non-polar or hydrophobic. When helices coil around each other, the first and
the fourth amino acid are internalized, thus stabilizing the structure, while other amino
acids are exposed on the surface of the protein (Wolf et al., 1997).
To map the C-terminal region involved in the N-N interaction, we started with the
C-terminal deletion mutant, N1-304, that did not interact with the full-length N protein at
all indicating that the last 125 amino acids were crucial for the interaction. It is also
possible that the deletion interferes with the proper folding of the remaining part of the N
protein. This region was deleted first because the last 125 amino acids residues are very
conserved among all hantavirus N proteins. Further studies were focused on the mapping
of the C-terminal region. A set of C-terminal deletion constructs was prepared and the
minimal region that maintained the interaction could be mapped to amino acid residues
393-398 (VNHFHL) (III: Fig. 3c). The two C-terminally truncated proteins were not able
to interact with each other suggesting that the interaction between N proteins occurs via C-
terminal regions (III: Fig. 3d).
Our data were in good agreement with the observations made for SNV N protein
(Alfadhli et al., 2001) showing that the C-terminal (amino acids 357-428) and the N-
terminal (amino acids 1-40) regions are involved in the homotypic interaction. For HTNV
and SEOV N proteins, the N-terminal interaction region was mapped between amino acids
50 and 155 (HTNV), and 100 and 125 (SEOV) (Yoshimatsu et al., 2003). This indicated
that the interaction region is not located at the N-terminal end of the molecule as shown for
TULV and SNV N proteins (Alfadhli et al., 2001). The C-terminal interaction region was
mapped within amino acids 404 and 429, for HTNV, and amino acids 413 and 420, for
SEOV (See Figure 7.2.1.1. for schematic representation of the functional domains in the
hantavirus N protein). For the N protein of TSWV (Tospovirus), the interaction regions
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were defined to the first 39 amino acids and the last 16 amino acids (Uhrig et al., 1999).
Together, all these data showed the involvement of N- and C- terminal regions (III: Fig.
4). This could be a characteristic feature for all bunyavirus N proteins.
7.1.5. Analysis of the C-terminal interaction region (IV)
The study was continued by secondary structure predictions, computer modelling
and point-mutagenesis to find structural requirements for the interaction in the C-terminal
part of the N protein molecule. Secondary structure predictions suggested that the C-
terminal region forms a helix-loop-helix structure (IV: Fig. 1). Helix I formed by amino
acids 373-387 is separated by a loop from helix II formed by amino acids 404-421. As
shown in the mammalian two-hybrid system, removal of latter helix from one of the
interacting partners (DBD-N or AD-N) was not enough to disrupt the interaction, but when
helix II was removed from both partners the interaction was abolished. This suggested that
helix II is involved in the interaction.
Computer modelling predicted that hydrophobic residues from 380 to 384 (IILLF)
in helix I, and residues 413 and 414 (LI) in helix II could mediate the interaction between
helices (IV: Fig. 2). It was experimentally found that I380, I381, L413 and I414 are crucial
for the interaction suggesting that they could form a shared hydrophobic space that
provides stability to the N-N interaction (IV: Fig. 3). According to the prediction, the loop
region could have an important role in functioning as “a hinge” between helices. Glycine
at position 389 could provide flexibility to the loop allowing helix II to protrude and
contact to helix I of another N protein molecule. The capacity to interact was reflected in
the cellular localization of the transiently expressed N protein mutants. The full-length N
protein and the N protein mutants that interacted in the mammalian two-hybrid assay
showed a granular pattern in the perinuclear region while the N protein mutants that did
not interact dispersed in the cytoplasm (IV: Fig. 4). These data indicated that the
homotypic interaction was required for the N protein perinuclear localization.
The possibility that hydrophobic contacts cannot initiate the N-N interaction
prompted us to study the role of W388 and F396 for cation –  (pi) interaction(s). Cation –
 interaction can be formed between aromatic (Phe, Tyr, Trp) and positively charged (Arg
or Lys) side chains of amino acids (Gallivan and Dougherty, 1999). We found that the
mutation of W388A abolished the interaction totally, but the mutation of F396A did not
(IV: Fig. 3). In the fluorescence assay, these mutant proteins localized diffusely and
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granularly, respectively, suggesting that W388 could take part in the cation –  interaction.
However, any arginine (R367, R368, R397 or R407) in the C-terminal region did not
appear to be a partner for W388. Although no supportive evidence for this type of
interaction was obtained, the W388 was shown to be absolutely crucial for the N protein –
N protein interaction. Interestingly, the W119A mutation in SEOV N protein and
mutations of F242A and F246A of TSWV (Tospovirus) reduced the interaction (Uhrig et
al., 1999; Yoshimatsu et al., 2003). Thus, these data suggest that aromatic amino acids
might be crucial for maintaining the overall structure of the N protein.
7.1.6. Model for the trimerization and assembly (I, III, IV)
The N protein multimerization requires contacts both with viral RNA and other N
protein molecules. Based on our data and data published by others for SNV (Alfadhli et al.,
2001; Alfadhli et al., 2002) and BUNV (Osborne and Elliott, 2000) N proteins, it is
apparent that N proteins form trimers. Trimers can act as assembly intermediates during
RNP assembly. Associating trimers contact both with the viral RNA and previously
attached trimer, thereby, gradually encapsidating the whole RNA molecule. It is evident
that for the multimerization at least two different binding surfaces in the N protein are
required, one for the trimerization of monomers, and another for the multimerization of
trimers. These steps are discussed below.
From monomers to trimers. The first step in the RNP assembly is the
trimerization of monomers. Amino acids 1 to 34 in hantavirus N protein were predicted to
form trimeric coiled-coil further supporting trimers as assembly intermediates.
Oligomerization studies with corresponding N-terminal peptides indicated that the second
stretch (amino acids 43-75) might trigger the trimerization process. At the starting point,
the N-terminal region of the monomer forms an antiparallel, intramolecular coiled-coil
region (amino acids 3-75) (Alfadhli et al., 2002). For the next step, two alternative
pathways were suggested: (i) three monomeric N proteins bundle together via coiled-coils,
(ii) intramolecular coiled-coils unfold and trimerization occurs via intermolecular coiled
coils (Alfadhli et al., 2002). In our model, the N-terminal coiled-coils bring the C-terminal
regions closer to each other. Since the C-terminal regions pack together, the steric
hindrance triggers a conformational change that leads to the protrusion of the helix II from
the core of the N protein. The exposed helix II interacts with the neigboring molecule,
specifically with helix I. A shared hydrophobic space is formed between these helices
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stabilizing the structure (IV: Fig. 5). Divalent cation may be an essential factor in
facilitating proper folding of the N protein molecules and enhancing their interactions (I:
Fig. 3). The reconstruction of electron microscopy images of the recombinant N protein
support our model, since the N protein was seen as trimers and it formed a curved structure
(IV: Fig. 6a). Together these data propose that neighboring molecules interact with the N-
terminal and C-terminal ends (IV: Fig. 6b).
From trimers to multimers. When the trimer has been formed, the next step in the
assembly process is the multimerization of trimers. The pepscan assay represented the
multimerization step since the recombinant N protein used in the assay was mainly
multimeric (III: Fig. 1). Two regions in the N-terminus (aa 13-30, and 41-57) and three
regions in the C-terminus (aa 340-379, 391-407, and 410-419) were recognized to mediate
the multimerization that probably occurs via electrostatic interactions. The regions
involved in multimerization and trimerization seemed to be partially overlapping.
Similarly, in hepatitis B virus, partially overlapping regions were identified responsible for
the core protein dimerization and multimerization (Konig et al., 1998). Although N
proteins are capable of direct interaction without RNA assistance (Osborne and Elliott,
2000; Alfadhli et al., 2001; Yoshimatsu et al., 2003), the viral RNA has definitely an
essential role in orienting the N protein trimers. The presented model aims to describe
events during N protein multimerization and to provide new insights for future studies to
investigate structure-function relationships of the hantavirus N protein.
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7.2. N PROTEIN INTERACTIONS WITH CELLULAR PROTEINS
The fact that cellular components interacting with the hantavirus N proteins were
largely unknown prompted us to study this aspect. To find out possible cellular partners, a
yeast two-hybrid screening was carried out. Two different cDNA libraries, a human fetal
liver (LexA system) and HeLa cell (Gal4 system) cDNA, were screened using the cDNA
encoding the N protein as bait. The results of screenings are summarized in the table 7.2.1.
Table 7.2.1. The results of the yeast two-hybrid screenings using TULV N protein as
“bait”.
LexA system
Interacting protein                                                      No of clones
SUMO-1 5
Ubc-9 3
Protein Phosphatase-5 1
Angiotensin 1
Sec23 isoform 1
ESTs and unidentified individual clones                                  9
Total 20
Gal4 system
Interacting protein                                                      No of clones
Ubc-9 12
Cathepsin B 1
Translation initiation factor eIF-2 gamma subunit 1
Unidentified individual clones                                                 7
Total 21
Although the N protein was found to interact with several cellular proteins, we
focused on SUMO-1 and Ubc-9, since they were found in multiple clones.
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7.2.1. Interaction with SUMO-1 (II)
Before starting this study, the hantavirus N protein interactions with proteins
involved in the sumoylation pathway were not known. Using confocal microscopy, TULV
N protein and SUMO-1 were found to colocalize near the nuclear membrane in virus-
infected Vero E6 cells (II: Fig. 1a-c). Since Ran-GTPase activating protein (RanGAP) was
shown to be sumoylated (II: Fig. 2b), we speculated that the cytoplasmic side of the
nuclear membrane could be the actual site for the N protein-SUMO-1 interaction. This was
supported by the data showing that cytoplasmic RanGAP after sumoylation is targeted to
the cytoplasmic fibers of the nuclear pore complex (Matunis et al., 1996). Furthermore, it
was known that the N protein localizes to the perinuclear region in infected cells (Ravkov
et al., 1998). These data were not contradictory to the speculation that the N protein
associates with sumoylated RanGAP at the nuclear membrane. However, only small
amounts of the N protein were located in that region suggesting that the N protein-SUMO-
1 interaction is a relatively rare event. The interaction might also be dependent on a
number of factors yet to be determined. It might occur during a certain phase of the cell
cycle and/or virus infection. Majority of SUMO-1 was localized in dot-like structures in
cell nuclei, probably in association with the components of PML NBs (II: Fig. 1d). In
contrast to many DNA viruses, TULV infection did not affect the distribution of SUMO-1
(II: Fig. 1a,d).
Our attempts to obtain further evidence for the N protein-Ubc-9 interaction were
unsuccessful. Using confocal microscopy, colocalization of the N protein and Ubc-9 was
not observed. In some reported yeast two-hybrid assays, Ubc-9 has been found to interact
with a number of cellular proteins, especially those that were sumoylated. It has been
suggested that when SUMO-1 binds to “bait” proteins, the binding mediates further
interaction with Ubc9 that is detected in the assay (Desterro et al., 1998). This could have
happened in our screenings, too. Therefore, we concentrated further studies on the N
protein-SUMO-1 interaction.
Many viral proteins, first discovered to interact with SUMO-1 in two-hybrid
screenings, were later found sumoylated. Therefore, we studied whether this was the case
with the N protein as well. Unfortunately, the N protein was not found SUMO-modified in
TULV-infected Vero E6 cells (II: Fig. 2a). Since endogenous expression of SUMO-1 was
low in Vero E6 cells, SUMO-1 production was enhanced by DNA transfection. Although
GFP-SUMO-1 expression was high and localized similarly to that of endogenous SUMO-
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1, it was not linked to the N protein (II: Fig. 3). One possible reason for the inability to
detect sumoylation was that a labile isopeptide bond between SUMO-1 and a lysine
residue in the N protein was disrupted during cell lysate preparation.
Coimmunoprecipitation was used to obtain evidence for non-covalent interaction
between the two proteins. The N protein antibody coprecipitated SUMO-1 from nuclear
fraction of TULV-infected VeroE6 cells indicating that the two proteins interact (II: Fig.
4). Small amounts of endogenous SUMO-1 might have been the reason for our inability to
immunoprecipitate the N protein with SUMO-1 antibodies. Further indication for the
interaction was obtained by pepspot analysis showing that amino acids 16-25
(KKEGEYIKLK) and 37-40 (KVKM) of SUMO-1 bound the recombinant N protein (II:
Fig. 5). Taken together, our results suggested that the interaction is non-covalent and it is
mediated by the N-terminal, positively charged regions in SUMO-1. Based on the reported
cellular functions of SUMO-1, it can be speculated that the N protein – SUMO-1
interaction might be involved in localizing the N protein in the cytoplasm.
Other studies have supported our results by showing that the HTNV N protein can
interact with sumoylation pathway proteins such as Ubc-9 and SUMO-1 (Maeda et al.,
2003; Lee et al., 2003). Initially, residues 101 to 238 of the N protein were found necessary
for the interaction with Ubc-9 (Maeda et al., 2003). This region was narrowed to amino
acids 188-191 (MKAE) that resembles a sumoylation consensus motif, ΨKXE (Ψ
represents a hydrophobic residue and X is any amino acid), in which the lysine residue can
be modified with SUMO-1. It was found that the MKAE sequence of the HTNV N protein
was crucial for the interaction both with Ubc-9 and with SUMO-1 and, especially, the
lysine residue played an important role in the interaction in the yeast two-hybrid assay.
However, sumoylation of the N protein was not observed. The removal of these amino
acids relocalized the N protein from the Golgi region to the cytoplasm. It was suggested
that the N protein – Ubc-9/SUMO-1 interaction might alter the N protein conformation
leading to exposure of a putative C-terminal perinuclear targeting region (Maeda et al.,
2003). The perinuclear targeting region for BCCV N protein was located within the last
141 amino acid residues (Ravkov and Compans, 2001). The MKAE/D sequence is
conserved among hantavirus N proteins suggesting that the interaction between the N
protein and Ubc-9/SUMO-1 could be a common feature in hantaviruses (Maeda et al.,
2003). Since the Ubc-9/SUMO-1 binding site (amino acids from 188 to 191) overlaps with
the RNA binding region (amino acids from 175 to 196) in the N protein (Xu et al., 2002),
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the interplay between the two interactions may be necessary during the RNA assembly
(Figure 7.2.1.1).
* These regions have been collectively reported to be involved in the N protein trimerization.
Figure 7.2.1.1. Schematic representation of the functional domains in the hantavirus N
protein.
Further studies with SEOV and HTNV N proteins have indicated that they can
interact with PIAS1 (protein inhibitor of activated STAT 1), PIASxβ, TTRAP (TRAF and
TNF receptor associated protein), CHD3 (chromodomain helicase DNA-binding protein)
and HIPK2 (human homeodomain-interacting protein kinase 2) (Lee et al., 2003). These
proteins interacted also with Ubc-9 and SUMO-1. The region involved in the homotypic
N-N interaction (amino acids 100-125 in SEOV) (Yoshimatsu et al., 2003) was also
important for interactions between the N protein and SUMO-1 related molecules.
Interestingly, it was shown that localization of PIASxβ changed from nucleus to cytoplasm
when expressed together with the SEOV N protein suggesting that the N protein could be
the target for sumoylation (Lee et al., 2003). However, this study did not find sumoylated
N proteins either.
The N protein has been found to interact with Daxx (Li et al., 2002) that is also a
target for sumoylation (Jang et al., 2002). These data indicate that the N protein has a
complex network of interactions occurring in hantavirus-infected cells involving several
proteins in sumoylation pathway (Ubc-9, PIAS proteins and SUMO-1) and sumoylated
proteins e.g., Daxx. So far, many of the N protein interactions with SUMO-1 –related
proteins have been detected only in the yeast two-hybrid assay. To be able to evaluate the
significance of these interactions, they should be confirmed by other methods as well.
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8. CONCLUDING REMARKS AND FUTURE PROSPECTS
This study describes basic properties of the nucleocapsid proteins of negative-strand
RNA viruses and, especially, focusing on topics that are important for the hantavirus N
protein. The interactions of the N protein have been of particular interest. To study these
interactions is extremely important, since all the tasks the N protein executes are based on
its capability to interact with viral or cellular components. The N protein interacts with all
viral components: other N protein molecules, RNA, glycoproteins and the L protein. It also
interacts with a wide variety of cellular proteins; so far the interactions with MxA, actin,
Daxx and sumoylation pathway proteins have been reported. It is logical to assume that
other interacting cellular proteins will be discovered.
Due to its multiple interactions, the N protein has multiple functions in a virus
infection cycle; it participates in the genome transcription and translation, binds to
membranes for providing the site for RNA replication, packages and protects viral RNA
molecules, associates with membrane glycoproteins and incorporates RNPs into virus
particles.
When starting this study, the multimerization properties of hantavirus N protein
molecules were poorly known. This project was started by demonstrating that the N
protein is capable of multimerization and finished by proposing a model how the N
proteins interact at amino acid level. However, many aspects remain to be clarified, e.g.,
how interaction regions in the N-terminal and the C-terminal regions co-operate and how
the trimer multimerization occurs. It can be argued that, without crystallographic data,
conclusions cannot be made since it is not known, whether a truncation or mutation has a
real effect on the N-N interaction or simply disrupts the overall N protein structure.
Although the presented model is far from being complete, it is the first attempt to explain
structural requirements for the N-N interaction.
Structural studies of the N protein have progressed slowly, since it has a strong
tendency to self-assemble to aggregates, thus hampering all efforts to crystallize the
protein. Therefore, the disruption of the N-N interaction sites would probably be necessary
for the crystallization of the N protein. In the case of influenza and rabies viruses, another
approach to obtain 3-D images of NPs has been used. NPs incorporated in mini-RNPs
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were visualized using electron microscopy, image processing and 3-D reconstruction.
These techniques could also be used to study hantavirus N protein assembly.
Hantavirus infection has certain impacts on cellular metabolism and the N protein
has an important role to play. Some of its potential activities, such as localizing with MxA
protein and transporting the RNPs along actin filaments, have been discussed in this thesis.
The significance of multiple interactions of the N proteins with cellular proteins is still
poorly understood and to clarify its multifunctional role in hantavirus replication cycle is,
undoubtedly, an important task for the future.
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